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Abstract 
Shape memory polymers have a wide range of applications due to their ability to 
mechanically change shapes upon external stimulus, while their achievable composite 
counterparts prove even more versatile. An overview of literature on shape memory materials, 
fillers and composites was provided to pave a foundation for the materials used in the current 
study and their inherent benefits. This study details carbon nanofiber and composite fabrication 
and contrasts their material properties. In the first section, the morphology and surface chemistry 
of electrospun-poly(acrylonitrile)-based carbon nanofiber webs were tailored through various 
fabrication methods and impregnated with a shape memory epoxy. The morphologies, chemical 
compositions, thermal stabilities and electrical resistivities of the carbon nanofibers and 
composites were then characterized. In the second section, an overview of thermal, mechanical 
and shape memory characterization techniques for shape memory polymers and their composites 
was provided. Thermal and mechanical properties in addition to the kinetic and dynamic shape 
memory performances of neat epoxy and carbon nanofiber/epoxy composites were characterized. 
The various carbon nanofiber web modifications proved to have notable influence on their 
respective composite performances. The results from these two sections lead to an enhanced 
understanding of these carbon nanofiber reinforced shape memory epoxy composites and 
provided insight for future studies to tune these composites at will.  
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Chapter 1. Introduction 
1.1. Shape Memory Materials 
Shape memory polymers, SMPs, and shape memory alloys, SMAs, are class of smart 
materials capable of shape memory, SM. A shape memory material has the capability to maintain 
a temporary shape and – upon external stimulus – recover back to its original permanent shape.1, 
2 As in the case of the current study, the permanent shape is set by initial material processing, 
and the temporary shape is achieved by applying an external stimulus to the material.3 During 
macroscopic deformation, the material fixes the temporary shape by storing the strain/stress 
energy. Triggering or initiating the recovery and releasing the stored strain energy of the original 
shape can later be achieved by one or more of the following stimuli (depending on the system in 
question): heat, electricity, irradiation, solvent, magnetic field, etc.4, 5 Shape memory materials 
exist in the aerospace, automotive, textile and biomedical industries as actuators, sensors, 
deployable/morphing structures as well as everyday products.5 
Heat shrink tubing is as an example of a typical SM cycle comprised of four basic steps: 
(1) load, (2) cool, (3) unload, and (4) recover. For simplicity, say a tube with a diameter of 1 mm 
was extruded to produce the permanent shape. The tube can be heated and mechanically 
expanded (step 1) to a temporary shape with a diameter of 3 mm. After deformation, the tubing 
is cooled (step 2), to fix the temporary shape, and the mechanical force can be released (step 3). 
The temporary shape of the heat shrink tubing, with ~3 mm diameter, can now be easily slid over 
exposed wires by the end user. When the heat shrink tube is finally triggered via heating (step 4), 
the 3 mm diameter tubing recovers to its 1 mm diameter permanent shape. This example 
described one type of SM material; however, a plethora of SM materials exist and can have 
different mechanisms governing their SM properties. 
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SMPs are quite different than SMAs in their overall mechanical properties and shape 
memory performance, although the recovery of both SMPs and SMAs are driven by entropic 
forces.6 SMAs fix strain/stress through a phase transformation, specifically between austenitic 
and martensitic phases, while SMPs can be fixed through a variety of alternative mechanisms. 
For example, SMP can be fixed using transition temperatures which elicit a modulus change. A 
traditional case includes glassy SMPs; the modulus in the glassy state – below the glass 
transition temperature, Tg – is higher than the modulus in the rubbery state – above Tg. Here 
deformation to the sample above Tg can be fixed when temperature is lowered – below Tg – and 
the modulus increases. This material can be considered fixed as the strain energy is stored in the 
material until external forces initiate the recovery. Many SMP systems have been investigated 
and have various mechanisms driving fixing and recovery; however, Rousseau used the chemical 
architecture and transition temperature to classify them: (I) chemically crosslinked glassy 
thermosets, (II) chemically crosslinked semi-crystalline rubbers, (III) physically crosslinked 
amorphous thermoplastics and (IV) physically crosslinked semicrystalline block copolymers.2 
SMPs possess desirable attributes such as achieving large recoverable strains, 
inexpensive production cost, low density and corrosion resistance; however, they are not without 
room for improvement. Current challenges – by comparison to SMAs – include slow response 
time, low recovery force, low modulus, low cycle to failure and low thermal/electrical 
conductivity. In contrast, SMAs are superior in recovery speed, recovery force, modulus, cycle to 
failure and conductivity; however, their inferior properties include a minimal recoverable strains, 
high production cost, high density and corrosive nature. When considering actuators and 
structural applications it becomes necessary to find a common ground between SMPs and SMAs. 
In order to bridge this gap, composite materials seem to provide the answer. SMA composites 
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are often used for aerospace applications, as shown in a study conducted by Todoroki et al.7; 
however, SMA composite use is seemingly sparse when compared to plethora of SMP 
composites. Furthermore, SMAs show little room for improvement – considering inherent 
factors like production cost, density and corrosive nature – where SMPs appear to be relatively 
limitless.7 
A critical shortcoming of most SMPs is their inherent nature to act as electrical (and 
thermal) insulators, rather than as conductors. When a material can mechanically morph upon 
electrical stimulus, it is considered to be “electroactive”; this requires the material to be 
electrically conductive. Neat polymers which are electroactive are dielectric, ferroelectric, liquid 
crystals, or ionic. Rather than imposing these restrictions on the SM polymer, a filler is often 
added to allow for electrical conductivity. In the current study, a SM epoxy – Rousseau’s type (I) 
– was used as the matrix phase in the composites. While this epoxy matrix provides the desired 
SM characteristics, the selected filler was used to make the composite electroactive. 
1.2. Composites Reinforcement Materials 
Composite materials utilize two or more distinct phases: a continuous (or matrix) phase 
and a filler phase. Composite superiority arises from the ability to tailor the composite properties 
in a manner befitting specific applications by selecting different materials for the matrix and 
filler phases. Besides the unique properties of these phases, the interface (discrete region 
between matrix and filler) can be modified giving rise to a third phase, known as an interphase 
(volume of material which behaves different than the matrix and/or filler). The matrix phase of 
composites can be comprised of metallurgic, ceramic, or polymeric materials which are each 
very broad in their own respect.8 With this in mind, the following discussion pertains solely to 
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that of composites with a thermoset polymeric matrix phase, due to previously imposed 
circumstances. 
Fillers are typically introduced into composites as a reinforcement mechanism to increase 
the mechanical properties over that of the matrix constituent; however, physical, chemical, 
thermal, and electrical properties are often targeted as well. As with the continuous phase, a 
variety of fillers materials are used, namely: ceramics, metals, carbon-based, glasses, aramids 
and other polymers. Defining the characteristics required for the final composite will dictate, or 
at least limit filler specifications of the materials and architecture such as diameter, aspect ratio, 
wt-%, optical clarity, orientation, etc.8 The architecture of fillers can be separated into two 
classes, discontinuous and continuous. Although hybrid systems exist, these two structural 
classes are discussed separately for convenience. 
1.2.1. Discontinuous Fillers 
Discrete fillers have a discontinuous nature, such as particles or short fibers, and are 
commonly incorporated for their capacity to maintain the original matrix flexibility. A few 
discrete non-carbon fillers – including glass fibers, rubbers and nickel powders –  have often 
been added in order to affect a unique property: glass fibers can increase strength and modulus, 
rubber particles can increase the fracture toughness and nickel powders have proven to stimulate 
electrical conductivity.9 Discrete carbon fillers include carbon black, vapor grown carbon 
nanofibers and short carbon fibers.10, 11 The thermal, electrical and mechanical properties of these 
fillers translate into the composite properties, yet pose inherent issues. Agglomeration and 
particle dispersion are amongst the most challenging of these issues, although current studies are 
devoted to finding solutions.12 Additionally, reaching an electrically conductive state using 
discrete fillers can require a relatively large wt-% – due to percolation thresholds – which can be 
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parasitic to SM properties.13, 14 The percolation threshold arises from a lack of continuity of the 
fillers, which can be exacerbated by thermal expansion of the polymer matrix. Due to their 
discontinuity, discrete fillers rely heavily on load transfer for the realization of their 
mechanically strengthening attributes at the macro/composite scale. Interfacial adhesion between 
the filler and the matrix have therefore become a topic of great interest.15-17  
1.2.2. Continuous Fillers: Carbon Fibers and Their Precursors 
Continuous fillers, typically fibrous, have a length scale comparable to the composite 
dimensions. This bestows continuous fillers with an excellent conversion of thermal, mechanical 
and electrical properties in the final composite. Many continuous fiber materials have been 
employed in composites; however, we narrow the discussion to carbon-based fibers. Further, 
carbon nanotubes, “CNTs”, show great promise for use in epoxy composites; however, they 
possess inherent problems in terms of dispersion and agglomeration. In the current study, 
carbon-based fibers were selected as the filler due to their low density and thermal, electrical and 
mechanical attributes desirable for electroactive SM applications.14, 18, 19 
Carbon fibers have proven to be a versatile material in due to their inherent properties. 
Thermal and chemical stability coupled with the ability to control mechanical, thermal and 
electrical properties based on the processing conditions, allow carbon fibers to branch into 
textiles, filtration, electronics, energy, automotive and aerospace industries.20-22 Primarily, the 
low density, high strength and high modulus make carbon fibers an ideal candidate for structural 
composite materials. 
Fibers are produced using various techniques and precursors which govern their thermal, 
mechanical and electric properties. By and large, polyacrylonitrile (PAN) and mesophase pitch 
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are the most widely used precursors for structural applications; however, other precursors 
include, rayon, cellulose and polyethylene.20, 23 Mesophase pitch is a liquid crystal whereas PAN 
is a linear semicrystalline polymer; different molecular orientations in the precursor result in 
unique carbon fiber properties. The liquid crystalline pitch has a high degree of molecular 
orientation which produces carbon fibers with basal planes oriented in the radial plane of fibers. 
The PAN-based carbon fibers produce basal planes perpendicular to the radial plane, i.e. in the 
axial direction. The basal plane orientation of the pitch-based carbon fibers allows for cleavage 
in the axial direction causing a brittle fracture. The production of basal planes oriented in the 
axial direction – in the case of PAN-based carbon fibers – actually reinforce the fiber in the axial 
direction.24 Due to aforementioned structural properties, pitch-based carbon fibers have higher 
thermal conductivities and – under certain conditions – can have a much higher modulus than 
PAN-based carbon fibers. Alternatively, PAN-based carbon fibers show higher tensile strength 
and electrical conductivities than the pitch-based competitor. Regardless of the precursor in 
question, three common steps are used for fiber preparation: fiber formation, thermal 
stabilization and thermal carbonization. For the current study, PAN-based continuous carbon 
fibers were selected as the filler due to their inherently high tensile strength and electrical 
conductivity. 
1.3. Carbon Fiber Epoxy Composites and Interphase 
Carbon fiber reinforced epoxy composites, CFRC, cover a very broad range of 
applications as they possess thermal and electrical conductivities greater than that of most neat 
polymers. Meanwhile, CFRC often have equal or better mechanical properties and still possess 
notably lower density and better corrosion resistance than metals.12 The superior properties of 
 
7 
 
neat carbon fibers can be offset by their tendency to crack/fracture or delaminate; however, these 
shortcomings are typically compensated by the epoxy resin.25 
An interphase can be developed by carbon fiber surface functionalization prior to epoxy 
infiltration. Due to the interpenetrating nature of the fibers in the epoxy matrix, interfacial 
strength proves less crucial to the overall mechanical properties; however, improvements have 
been significant enough to elicit much attention.26, 27 Specifically, an observed toughening of 
surface modified fibers in composite can be attributed to the enhanced load transfer between the 
fibers and matrix. Interphase development methods include oxidation, electrochemical, plasma 
and high energy irradiation and can be extended with various coupling agents.28 Spitalsky et al.29 
provided a comprehensive study of methods used to graft carbon based materials to various 
matrices and can be used for referencing. 
Previous research conducted by Iversen demands attention as production and 
functionalization of the CNF webs used in the current study were based on his work.30 Iversen 
chemically oxidized the surface of the CNFs by submerging the fibers in a heated 70% nitric 
acid solution for various time durations. Iversen observed that the concentration of functional 
groups – on the fiber surface per unit area – were more than doubled after a 60 minute chemical 
oxidation.30 The increase in functional groups per area increases, in turn, the number of sites for 
epoxy constituents to covalently attach. In this case the fiber-matrix interface would assist in 
load transfer between the epoxy matrix and the carbon fibers. The interphase – volume of 
material with properties different than the neat fiber or epoxy – would be relatively shallow, 
compared to grafting, and therefore possess a relatively low total amount of energy that the can 
be stored in the interphase.17 Furthermore, the increased functionalities were used as binding 
sites for 3-(2-amino-ethylamino)propyl-trimethoxysilane, an aliphatic silane coupling agent. 
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Ideally this aliphatic silane coupling agent covalently bonds to the fiber at one end and the other 
can covalently bond to the epoxy matrix. Once in the composite state, this silane coupling agent 
would extend the interphase, increasing the volume of material used in load transfer and the total 
amount of energy that the can be stored in the interphase. These two mechanisms were used in 
the current study and discussed in greater detail in Chapter 2. 
1.4. Motivation of Study and Overview 
In a collaborative effort, Syracuse University has teamed up with General Motors 
Company to advance the understanding and properties of shape memory polymer composites, 
sponsored by the Division of Material Research for the National Science Foundation (DMR# 
1004807) under their GOALI program. The primary objectives for this study included: 
enhancing the competitiveness of shape memory polymers – using a composite approach – by 
improving electrical, thermal, mechanical and SM properties. Aligned with these objectives, the 
current study provides a detailed outline of the fabrication of functionalized PAN-based CNF 
webs embedded in an epoxy matrix, in addition to the electrical, thermal, mechanical and SM 
performance of the composites. 
This thesis was structured in a manner that allows for comprehension of the nuances in 
CNF and composite fabrication followed by characterization. Chapter 2 provides an overview 
on the fabrication methods, thermal stability and electrical characterization. The resultant fiber 
morphologies, elemental compositions, thermal stabilities and electrical properties were 
characterized, the results of which are also described in this chapter. Chapter 3 provides an 
overview of thermal, mechanical and SM properties in addition to characterization techniques of 
SMPs and their composites. The thermal, mechanical and shape memory performance of neat 
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epoxy and composites – synthesized in Chapter 2 – are reported. Chapter 4 provides a 
summary of results followed by recommendations for future studies.  
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Chapter 2. CNF Reinforced SM Epoxy Composites: Fabrication Methods and Analysis 
2.1. Synopsis 
In this chapter, we explore the synthesis techniques and analysis of CNF webs and their 
composite counterparts, where the latter was produced for SM applications detailed in Chapter 
3. Thermoplastic fibrous webs were synthesized from poly(acrylonitrile), PAN, tailored to a 
desired morphology and used as a precursor to the CNF webs. Many of these CNF webs were 
chemically oxidized, and a further subset silanized, as a means to functionalize the fibers at the 
surface. CNF webs were then impregnated with a SM epoxy and cured, resulting in the 
composites used in the current study. CNF webs and composites were subjected to 
morphological and compositional studies, along with the characterization of electrical 
conductivities and thermal stabilities. The materials produced in the current study proved 
reproducible, although evidence indicates room for improvement. 
2.2. Background 
SMPs are advantageous to SMAs due to their inherent light weight and low cost, 
although they typically lack the ability to respond to an electrical stimulus and have relatively 
low recovery force. Carbon fibers “CF”, carbon black “CB”, carbon nanotubes “CNT”, and 
nickel powders are a popular fillers used in SMPs to elicit an electrically conductive nature, 
therein alleviating the need for external heaters.1 The discrete particulate nature of CB, CNTs, 
and Ni powders prove troubling in composite synthesis as difficulties arise in achieving a 
homogeneous dispersion. A study released in 2010 by Luo and Mather produced a carbon 
nanofiber shape memory epoxy composite which alleviated dispersion issues and reported 
electrical conductivity “higher than most previously reported conductive SMPs with comparable 
filler contents” ca. 31 S/m.2 This was achieved by synthesizing a continuous CNF web from 
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electrospun PAN which maintained integrity during composite synthesis. The pre-defined 
morphology of the CNF webs eliminates issues inherent to filler dispersion.2 CNF webs 
provided mechanical reinforcement to the SM epoxy matrix. In efforts to enhance composite 
properties, research conducted by Iversen was directed towards fiber synthesis and the fiber-
matrix interface.3 In continuation of research studies conducted by Luo and Mather2 and 
Iversen3, the current study investigates the synthesis, morphology, and electrical conductivity of 
various CNF web types before and after imbibing with the SM epoxy. 
2.2.1. Creating Woven Fibrous Webs 
CNF webs have been produced in previous studies by electrospinning PAN fibrous webs 
as a precursor.3-5 The morphology of the PAN fibrous webs dictates the final CNF web 
morphology, although reductions in macroscopic web dimensions, average fiber diameter and 
total mass were observed.4, 5 The fibrous webs produced in the aforementioned studies formed 
non-welded PAN fibrous webs and therefore resulted in non-welded CNFs. Studies by 
Haverhals et al.6 and Li et al.7 proved the morphology of fibrous webs to dictate the resultant 
properties. Fusing the non-welded fibrous webs would be advantageous to preventing 
delamination between fibrous layers and further increase the composite conductivities. 
Traditional methods of producing welded fibrous webs include fusion during 
electrospinning or heating above the transition temperature of the polymer and allowing for a 
limited amount of viscous flow. Despite failed attempts to weld the fibers during electrospinning 
in the current research, an attempt was made concerning the latter approach. Due to the 
semicrystalline nature of PAN, the transition temperature required for viscous flow would be a 
melting temperature, Tm (~315 
oC). Difficulties arose as PAN can conjugate into a cyclic 
structure at temperatures much lower than Tm. In a review conducted by Ageorgos et al.
8, 
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methods for fusion bonding (in applications for affixing thermoplastic laminates) were 
categorized by heating methods: bulk, friction, electromagnetic and two stage techniques. In 
previous work by Chen and Harrison,9 PAN fibers had been submerged in DMF solutions which 
effectively plasticized the fibers. This was done in an effort to lower the melting temperature of 
PAN and allow for molecular relaxation within the fibers. With this technique, Chen and 
Harrison were able to create homogeneous ~11 μm fibers, reduce surface defects and increase 
the final carbon fiber elastic modulus and tensile strength by 32 and 14%, respectively.9 In the 
current study, both bulk heating and plasticization using DMF vapor were employed to fuse the 
fibers and tailor the morphology of the final CNF webs. 
2.2.2. PAN Based Carbon Fiber Formation 
The final properties of PAN-based carbon fibers depend strongly on fiber processing 
conditions. With this in mind, the structure of the precursor has been thoroughly investigated.3, 10 
Regardless of the precursor in question, three common steps are used for carbon fiber 
fabrication: fiber formation, thermal stabilization and thermal carbonization.11 Many processing 
techniques in fiber formation lead to different properties; however, optimized final carbon fiber 
properties typically require increasing the molecular alignment of the precursor after fiber 
formation. This is most often done by pre-stretching fibers – prior to stabilization – in order to 
reduce fiber shrinkage, where the fiber shrinkage must be completed during stabilization.9, 12 ,13 
Often considered the most significant step to the final carbon fiber properties, 
stabilization immobilizes the precursor and increases the thermal stability for subsequent thermal 
treatment. Through stabilization, studies have additionally documented a density increase, loss of 
thermoplastic nature and color change.14 These phenomena were associated with the well 
documented cyclization and dehydrogenation reactions which occur during stabilization to 
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produce a highly conjugated structure.4, 15 Stabilization takes place either under vacuum or more 
often, in an air environment as oxygen has been considered to aid the procedure. According to 
Fitzer and Muler,16 oxygen plays two separate roles in the stabilization process. Primarily the 
oxygen acts as an initiator for the formation of activated centers while also raising the activation 
energy for cyclization; the former describes an advantageous role of oxygen, where the latter 
describes oxygen’s tendency to act as an inhibitor. Stabilization has been known to develop a 
skin-core morphology of PAN fibers where limited thermal and oxygen diffusion were 
damaging; however, reducing fiber diameters proves amenable.17 FTIR has proven the most 
effective means of confirming completion of the desired reactions.18 Iversen3 extensively studied 
the stabilization of electrospun PAN fibers – using FTIR and DMA – unearthing optimal 
conditions. As the referenced study was published after the current study began, the reported 
optimal stabilization conditions were not utilized for the materials produced in the current study. 
Iversen showed that the stabilization method used in the current study results in overstabilization, 
noted by decreased yield and increased oxygen content. The latter was measured to by using 
energy dispersive x-rays, EDX, where the C/N/O where 88/5/7 at-%.3 
Carbonization is typically done in an inert gas or under vacuum and involves heating the 
stabilized fibers to a final temperature in the range of 800 to 2000 oC. During this step a 50-60% 
mass loss occurs as volatiles of carbonaceous and nitrogenous gas are generated. A review 
conducted by Rahaman et al.15 revealed that no additional mass loss occurs between 1000 oC and 
1900 oC; however, increasing the final temperature during this step was found to increase the 
order of carbon-carbon lattice structure, giving rise to higher strength and modulus fibers. 
Salmon et al.5 further proved that increasing the carbonization temperature from 800 to 1400 oC 
increased the number of annular basal planes from 3 to 6 and nearly doubled the modulus and 
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strength of the carbon fibers to final values 172 and 3.5 GPa. High performance carbon fibers are 
subjected a fourth step; graphitization, where fibers are heated to temperature around 3000 oC in 
an argon environment to further volatilize impurities and refine the homogeneity of inner fiber 
structure.15 
2.2.3. Electrical Resistivities in Composites 
When considering the resistivity of carbon fibers, or composites of the like, there are two 
theoretical barriers governing resistance to electron transport: 1) the electrons must travel along 
the highly conductive carbon lattice (along the perimeter of the fibers), and 2) the electrons must 
jump from one fiber to another.19 The latter is primarily governed by special separation between 
fibers and the number of times the electrons must jump between fibers. The former is primarily 
governed by the carbon lattice integrity and fiber diameter.10, 11 Fiber processing dictates basal 
plane order and crystallite thickness which further dictate the magnitude of resistivity within 
fibers.20 The semiconductive nature of PAN-based CNFs is the result of the turbostratic or 
rotationally faulted structure, allowing for separation between the valance band and conduction 
band. An additional energy is required to excite electrons (thermal energy - kBT where kB is the 
Boltzmann constant and T is the absolute temperature) in the valance band and allow them into 
the conduction band leaving behind holes in the valance band. Chemical modification to the fiber 
surface disrupts the highly conductive carbon-carbon lattice by introducing defects which disrupt 
the flow of electrons and cause an increase in resistivity.21  
A recent review by Spitalsky et al.22 showed that the matrix phase of CNT composites 
depressed electrical conductivity. CNTs composites within an epoxy matrix showed 
conductivities of 10 and 50 S/m at best. Considering resistance from electron-fiber-hopping, 
where the electrons must move from one fiber to another, spatial separation between fibers 
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further influence the energy barrier for electrons to tunnel through the epoxy matrix where 
greater distance between fibers caused higher activation energies. Increasing temperature will 
increase the separation of the conductive fibers in a composite due to thermal expansion of the 
matrix; however, also increasing the thermal energy (applicable to electron excitation by kBT). 
Chung et al.23 increased stress during cure to reduce laminate thickness and increase the number 
of direct fiber contacts as a method to improve conductivity. Considering that the greatest 
resistance of composites arises from the spatial separation of the fibers, the current study 
attempts to tailor the morphology of the CNF webs in a manner that interconnects the fibers and 
reduces both thermal and electrical resistivities. 
2.3. Material Selection: CNF Fabrication and Functionalization and Composite 
Synthesis 
This section outlines the preparation of electrically conductive shape memory epoxy 
composites which were synthesized at the Syracuse Biomaterials Institute, SBI. An outline for 
the nomenclature was included for clarity, Table 2-1. First, the electrospinning of PAN produced 
continuous e-PAN fibrous webs which were subsequently welded in solvent vapor chamber in 
order to tailor the morphology of the webs. These e-PAN(x) fibrous webs were then thermally 
treated to first produce s-PAN(x), and finally carbonized continuous fibrous webs, CNF(x,p). 
Once carbonized a minority of the fibrous webs were subjected to an oxidative surface treatment, 
CNF(x,ox), to promote adhesion and an interphase between the fibrous fillers and the SM epoxy 
matrix. Many of CNF(x,ox) underwent a second surface treatment, silanization CNF(x,sil), in 
order to extend this interphase and allow for enhanced load transfer between the fibers and their 
matrix. All CNFs, including non-functionalized and functionalized, were then infiltrated with an 
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epoxy matrix to form the resultant composites, C(x,y). An outline for the synthesis of all 
materials used in the current study was provided, Appendix 1. 
2.3.1. Preparation of Interpenetrating PAN Fibrous Webs 
PAN fibrous webs were synthesized via electrospinning and used as a precursor to CNFs, 
as previously reported.3, 4 Transparent and homogeneous solutions comprised of a homopolymer, 
PAN (polyacrylonitrile, 150 kg/mol, Scientific Polymer Products), and dimethylformamide 
(DMF, Sigma Aldrich) were obtained through the dissolution of 1.0 g PAN in 10 mL DMF 
which was achieved by heating to 70 oC and stirring overnight. Polymeric solutions were then 
used in the electrospinning methods described in Figure 2-1, to create continuous PAN fibrous 
webs or “e-PAN”. 
A minority of the theses fibrous webs were non-welded and denoted as “e-PAN(0)”, as 
was done in the past, whereas the majority were subsequently solvent welded for 24, 48, or 72 h 
using a welding chamber containing DMF in accordance with Scheme 2-1 (thereby producing e-
PAN(24), e-PAN(48) and e-PAN(72), respectively). Solvent removal from all e-PAN was 
conducted by drying in a vacuum oven at 70 oC and 30 mmHg for at least 1, 3, 6, or 7 days for 
the e-PAN(0), e-PAN(24), e-PAN(48) and e-PAN(72), respectively. All e-PAN webs were 
stored in a desiccator between experiments. 
2.3.2. Thermal Evolution of Electrospun PAN (e-PAN) to CNFs 
All dried e-PAN fibrous webs, Scheme 2-2 [A], were stabilized in air by heating at 2 
oC/min to 280 oC and holding isothermally for 3 h to produce stabilized e-PAN or s-PAN. 
Reductions in overall mass, overall mat dimensions, and average fiber diameter resulted from 
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this procedure. Previous studies4, 16, 18 proposed a highly conjugated chemical structure of s-
PAN, Scheme 2-2 [B], which results from this method, Scheme 2-2 [Stabilization]. 
All s-PAN fibrous webs were subjected to pyrolysis under nitrogen by heating at 2 
oC/min to 1000 oC and holding isothermally for 1 h resulting in continuous carbonized fibrous 
webs, CNFs. A previously proposed mechanism in the formation of the continuous CNFs, 
Scheme 2-2 [D], was depicted, Scheme 2-2 [Pyrolization]. All s-PAN and CNF webs were 
stored in a desiccator between experiments to prevent undesirable moisture adsorption to the 
fiber surface. e-PAN webs were weighed before and after the stabilization procedure and s-PAN 
webs were weighed before and after the pyrolization procedure. With these measurements, the 
mass loss and yield were calculated. A summary of the total mass loss during each of these 
thermal treatments was reported, Table 2-3. 
2.3.3. Surface Oxidation of CNF Mats 
Only CNF(24,p) (with the exception of a few CNF(0,p)) webs were subjected to a 
chemical surface oxidation treatment. This treatment was done in order to enumerate oxygen 
functionalities at the surface of individual fibers (Scheme 2-3 [A]). These additional 
functionalities provide for better interfacial adhesion to the epoxy matrix as well as enhancing 
the ability of a silane coupling agent to be chemisorbed on the fiber surface. This chemical 
oxidation process transforms the CNF(0,p) and CNF(24,p) into CNF(0,ox) and CNF(24,ox), 
respectively. The procedure consisted of submerging CNFs in a glass jar containing 5 mL of 
70% nitric acid (Sigma Aldrich) / 12 mg of CNFs. The glass jar was then subsequently capped, 
sealed with electrical tape, and submerged in a preheated and continuously stirred oil bath at 80 
oC for 1 h. After cooling, the CNFs rinsed excessively with EtOH (95% ethanol, Fisher 
 
22 
 
Scientific).3 Drying was carried out in a vacuum oven at 40 oC overnight at which point the 
CNFs were returned to a desiccator for storage. 
2.3.4. Silanization of Oxidized CNF webs, (CNF(x,ox)) 
CNF(x,ox) webs were used for silanization because of their increased functionalities, 
attributed to their enhanced surface chemical reactivity. Increased functionalities at the fiber 
surface allow for better chemisorption of the silane coupling agent ([3-(2-amino-
ethylamnio)propyl]-trimethoxysilane, henceforth “Silane”, Dow Corning) to the surface of 
individual fibers, Scheme 2-3 [B]. The Silane serves many desirable characteristics including 
enumerating functional groups, increasing their accessibility and extending the interphase region.  
The work of Iversen suggested that five moles of Silane (in a 95:5 vol-% EtOH:H2O 
solution) to one mole of available carbon fiber binding site was preferred. This was thought to 
yield a monolayer of chemisorbed Silane on the fiber surface (based on acid-base titrations, 
energy dispersive x-ray spectroscopy, “EDX”, and x-ray photoelectron spectroscopy, “XPS”, 
results). The treatment solution was 0.25 vol-% Silane, with the balance 95:5 vol-% EtOH:H2O, 
in order to ensure complete submersion of the fibers during this process. An equation developed 
by Iversen was reduced to the following: 
𝑉Sil = 𝑚o,CNF × 𝐾 
where VSil, mo,CNF and K represent the necessary volume of Silane for dissolution, the initial mass 
of the oxidized CNFs, and constant equal to 1.079×10-3 mL Silane / mg oxidized CNFs, 
respectively. 
(2-1) 
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After weighing the CNFs, the required volume of 95:5 vol-% EtOH:H2O was created (in 
a well cleaned glass jar) as the base solvent for the aforementioned solution. Gentle agitation was 
then employed during subsequent drop-wise addition of Silane into the 95:5 vol-% EtOH:H2O. 
The solution was further mixed for five minutes to allow for hydrolysis of the Silane. CNFs were 
then submerged in the solution and gently stirred for an additional five minutes, at which point 
the CNFs were removed from the solution and placed on clean glass plates. After allowing the 
Silane three to five minutes to condense on the fiber surface, the CNFs were placed in a beaker 
and rinsed with EtOH. CNFs were then removed and again rinsed in profuse quantities of EtOH 
to dissolute Silane agglomerations. CNFs were then dried, cured in a preheated oven at 110 oC 
for 15 minutes, and dried overnight in a vacuum oven at 40 oC and 30 mmHg. The CNF(x,ox) 
webs were considered to be silanized at this point, henceforth denoted as CNF(x,sil). The 
CNF(x,sil) were stored in a desiccator to prevent parasitic moisture from disrupting this tailored 
interface (this interface can become an interphase upon impregnating with an epoxy matrix, as 
described below in Section 2.3.5). 
2.3.5. Imbibition and Cure of Shape Memory (SM) Epoxy 
An epoxy was selected to be the primary constituent (or matrix phase) in the composites 
due to its SM properties and high modulus as seen in previous studies.4 A tailorable glass 
transition temperature, “Tg” was achieved by varying the weight fractions an aromatic diepoxide 
monomer (diglycidyl ether of bisphenol A or DGEBA, Sigma Aldrich) and an aliphatic 
diepoxide monomer (neopentyl glycol diglycidyl ether or NGDE, Sigma Aldrich) and blending 
them with a stoichiometric amount of a diamine curing agent (poly(propylene glycol)bis(2-
aminopropyl or Jeffamine D230, Sigma Aldrich). Chemical structures for these monomers can 
 
24 
 
be found in Scheme 2-4 [A]. The following procedure was used synthesize neat epoxy films, EP, 
and to imbibe CNF(x,y), the final procedure for synthesizing CNF-composites or C(x,y). 
Glass plates for film casting were cleaned with acetone before treating with a mold 
release agent, Pol-Ease 2300. To ensure release after cure the plates were heated to 150 oC and 
sprayed with a mold release agent, allowed to cool to room temperature, “RT”, and gently wiped 
to remove the excess; this was repeated twice to ensure complete release of the films. DGEBA 
was heated to 65 oC and allowed to cool prior to weighing and blending with NGDE and 
Jeffamine D230 in a stoichiometric ratio of 1:1:1, DGEBA:NGDE:Jeffamine D230. Blending 
was conducted in a capped 20 mL glass vial on a RT stir plate for 20-30 minutes, accompanied 
by aggressive shaking at 5 minute intervals, until a transparent homogeneous solution was 
obtained, Scheme 2-4 [B]. Contents of the vial were then poured into weigh boats and degassed 
at RT in a vacuum oven. The CNFs were then weighed and laid on top of the epoxy mixture and 
again degassed under the same conditions as above. Epoxy readily wicked into impregnated the 
CNF webs. The imbibed composites were then laid on the pretreated glass plates and excess 
epoxy was used to completely cover the CNFs. To ensure consistent epoxy/composite thickness, 
259 μm Teflon spacers were placed at the perimeter of these plates and an additional plate was 
clamped atop each spacer, squeezing the excess epoxy out from between the plates (Scheme 2-4 
[C]). These molds were then cured in an isothermal oven preheated to 100 oC for 1 h, Scheme 2-
4 [D]. At that point the clamps were removed and the samples were heated to 130 oC for 1.5 h as 
a stress-free post cure. The cured EP/C(x,y) were then removed from the glass plates, Scheme 2-
4 [E], before allowing them to cool. Cured composites were trimmed of excess epoxy and 
weighed. Composites were heated to 100 oC, well above their Tg, to remove the residual stress 
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prior to testing. The composite fiber content measured from synthesis, φSyn, was calculated using 
the following equation: 
𝜑Syn =
𝑚o
𝑚C
× 100  
where mo and mC represent the weight of the CNFs before synthesis and the weight of the C(x,y) 
after the excess epoxy was trimmed, respectively. 
2.4. Characterization Methods 
2.4.1. Morphologies and Fiber Diameters Using Scanning Electron 
Microscopy (SEM) 
Morphologies of e-PAN, s-PAN, CNFs, C(0,p) and EP were captured via SEM. The e-
PAN, s-PAN, C(0,p) and EP were sputter coated with gold at 40 mA in three 15 s intervals to 
avoid possible heat shrinking which has been observed in electrospun fibers. SEM micrographs 
of CNFs did not require sputter coating due to their electrically conductive nature. While at SBI 
and the General Motors Technical Center, “GM-TC” samples were imaged with a JEOL-
JSM5600 SEM and a Zeiss-EVO50 SEM, respectively. Using a typical accelerating voltage of 5 
kV, morphologies of all samples mentioned were captured. Representative micrographs at 
10,000x were reported for all fibrous samples, e-PAN, s-PAN and CNF(x,p) (Figure 2-2). 
For all CNF samples, micrographs were taken at 2,500x, 5,000x and 10,000x 
magnifications, with triplicates of the latter taken in different locations. The fiber diameters, df, 
of individual fibers were measured using Image J (version 1.46r, http://imagej.nih.gov/ij) at the 
10,000x magnification. For each micrograph at 10,000x, 30 fibers were measured (yielding n = 
90 measurements per sample). An overview of descriptive statistics concerning fiber diameters, 
(2-2) 
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df, was reported for e-PAN, s-PAN and CNF(x,p) in tabular form, Table 2-2, and graphically, 
Figures 2-3. To observe the influence of functionalization procedures on df, the measured df 
profiles, f (df), were plotted as histograms for three samples of CNF(24,p) after transforming to 
first CNF(24,ox) and finally CNF(24,sil), Figure 2-4. 
SEM was also used for showing the spanwise topography of EP, (Figure 2-7 [A]), and 
C(0,p) (Figure 2-7 [B]). Additional SEM micrographs of C(0,p) captured the transverse 
morphology (Figure 2-7 [C-D]). To achieve a relatively clean break surface for imaging, the 
C(0,p) sample was submerged in liquid nitrogen and rapidly deformed in a bending mode. 
2.4.2. Energy Dispersive X-ray Spectroscopy (EDX) 
EDX was used to collect bulk compositional analysis for quality control of fibrous webs 
after thermal and functionalization procedures. The GM-TC provided an SEM equipped with an 
EDX analyzer (Ziess, Smart SEM-SII, V0.5 with Gemini NVision 40) that was used to measure 
the bulk at-% of carbon, “C”, nitrogen, “N”, oxygen, “O”, and silicon, “Si”, by detecting 
characteristic X-rays emitted as the samples were bombarded with electrons. This produced 
spectral data of intensity verses energy; representative spectra of tested samples can be found in 
Figure 2-5. The software equipped with the SEM/EDX was EDAX Genesis, and was used to 
analyze spectra by subtracting a baseline, peak fitting and quantifying values of elemental at-% 
which were summarized in Table 2-4. As C, N, O and Si are lighter elements, the Kα transitions 
of each element were used in the spectral analysis. 
Sputter coating was required for e-PAN and s-PAN to allow for these measurements; 
however, CNF samples did not require sputter coating. Samples were mounted on an aluminum 
substrate when measured with an accelerating voltage, Vacc, of 5 kV. Samples were mounted on a 
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copper substrate when measured with an accelerating voltage, Vacc, of 20 kV. The Vacc, duration 
of data collection and fiber coating were reported in the headings of Table 2-4. All samples were 
mounted on their respective substrate with double sided carbon tape, where the majority of any 
given sample was hanging only above the substrate. Care was taken to ensure that beam was 
only rastered on areas of the fibrous webs which overhung the substrate thereby omitting the 
carbon tape from falsifying the results. A 1.00 mm2 area was observed at m different locations on 
each sample for n(m) samples of the same fiber type. 
Substrate material selection was vital to obtaining accurate compositional measurements. 
Compositions of e-PAN, s-PAN and CNF webs were measured with an accelerating voltage, 
Vacc, of 20 kV, while CNF webs were additionally measured at 5 kV. A Vacc of 5 kV was 
employed for measuring the composition of CNFs in order to stay consistent with previous 
work.3 This low Vacc was selected in in order to prevent the interference of the aluminum 
mounting substrate with the Si at-% measurements of the CNFs, yet high enough to still excite 
the Kα transitions of Si atoms. With a 60 s collection time, results from these data did not 
sufficiently reduce the Si at-% measurement error; however, C, N and O errors were acceptable 
and thus reported, Table 2-4. To reduce the measurement error, the number of counts had to be 
increased leaving two options: increase the collection duration or increase the Vacc. When using 
Vacc = 20 kV on the CNFs, a collection time of 20 s proved to reduce the Si at-% error to a 
negligible value by comparison to the measured Si at-% (where the greatest Si at-% error 
introduced by the instrument for any given measurement was < 0.02 at-%). Higher Vacc 
inherently increase the interaction volume and the depth of material analyzed, giving rise to 
concern of interference with the sample mounting substrate. This provoked the use of copper as a 
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substrate material, rather than aluminum, therein avoiding overlaps between the Kα of silicon and 
aluminum. 
2.4.3. Weight Fractions and Thermogravametric Analysis (TGA) 
Composite weight fractions were measured, using TGA (Q500, TA Instruments), running 
samples of EP, CNF(0,p), CNF(24,p), CNF(48,p), CNF(74,p), CNF(24,ox), CNF(24,sil) 
C(0,p), C(24,p), C(48,p), C(74,p), C(24,ox), and C(24,sil). Due to the affinity of moisture to 
absorb to CNFs, they were dried at 80 oC overnight prior to sample loading. Samples were 
placed in Q 5000 platinum sample pans (TA Instruments). The temperature was ramped from RT 
to 900 oC at 10 oC/min, in the instruments high resolution mode with a sensitivity setting equal to 
three, for all samples. The final wt-% remaining at 800 oC (where no significant weight change 
occurred for neat epoxy and composite samples), wr,m, was measured, where “m” was replaced 
by “e”, “f” or “c” representing the materials of EP, CNF, or composite, respectively. From these 
TGA values, the fiber content (wt-%) in the composites, TGA, were calculated according to: 
TGA =
𝑤r,c−𝑤r,e
𝑤r,f−𝑤r,e
× 100  
where wr,e was taken as an average over four samples, wr,c was unique to each composite type 
and wr,f was taken as an average over two samples and used in calculations for composites of the 
same fiber type. A graphical representation of the weight loss profile of an EP, CNFs, and 
composite samples were provided in Figure 2-8. Values from Equation 2-3 were reported in 
Table 2-5 for comparison to fiber content in the composites measured directly measured from 
synthesis, Syn. 
2.4.4. Electrical Volume Resistivities Using a Four Point Probe 
(2-3) 
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The electrical resistance of CNF(0,p), CNF(0,ox), CNF(0,sil), C(0,p), C(0,ox) and 
C(0,sil) were tested conducted utilizing a four point probe (Linseis LSR – 3 Seebeck), and DC 
voltage, at GM-TC. The four point probe essentially removes error incurred by contact 
resistance, commonly seen when using a two point probe. Rectangular samples were cut and 
tested under vacuum in a 0.01 bar helium environment to prevent moisture reactivity with the 
surface from altering the results. All samples were mounted in a Teflon sample holder and tested 
for ohmic contact, where V-I was linear. Voltage probe separation was 5.67 mm, while sample 
width and thickness measurements were recorded prior to sample loading. 
CNF samples were heated twice from 30 oC to 105 oC at 2 oC/min followed by cooling in 
freefall to 30 oC after each heat. DC resistance measurements were taken at 10.5 mA in 5 oC 
intervals (during both heating and cooling steps), with a one minute dwell time during each 
measurement. Composite samples were heated twice from 30 oC to 60 oC at 2 oC/min followed 
by cooling in freefall to 30 oC after each heat. Resistance measurements were taken at 10.5 mA 
in 3 oC intervals (during both heating and cooling steps), with a one minute dwell time during 
each measurement. Using the sample geometries and resistances, R, from these measurements, 
the electrical volume resistivities, ρ, were calculated by: 
𝜌 = 𝑅 ×
𝑤𝑑
𝑠
 
where w, d and s represent width, diameter and probe separation. Electrical volume conductivity, 
σc, can be calculated by simply taking the inverse of ρ. Raw data of the second heating were used 
to aid reproducibility and were provided (Figure 2-9 & Table 2-6). 
2.5. Results and Discussions 
2.5.1. Morphology Study: PAN Fibrous Webs 
(2-4) 
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In this study, PAN was selected as the precursor to CNFs as the resultant tensile modulus 
and electrical conductivity were befitting for SM applications. PAN pellets were dissolved in 
DMF to form a solution which was electrospun, Figure 2-1, to yield non-woven fibrous webs. 
The fiber diameters, df, were measured using SEM micrographs, Figure 2-2, and showed e-
PAN(0) webs to have median and mean  df of 236 nm and 239 ± 59 nm, respectively, with a 
polydispersity of 1.01 (calculated as (mean df)/(median df), Table 2-2). The polydispersity of e-
PAN(0) suggests a homogeneous dispersion of df that can be visually observed in Figure 2-2 [e-
PAN(x)] & 2-3 [A] as a continuous non-woven fibrous web was produced.  
The morphology of e-PAN(0) webs was tailored such that the fibers were fused in an 
axial direction, collocate fusion at junctions of over lying fibers, and resulted in inter-/intra- 
penetrating fibrous webs. To obtain the aforementioned morphology, the e-PAN(0) webs were 
subjected to heated DMF vapors for 24, 48 or 72 h welding time intervals, “tweld”, Scheme 2-1. A 
hybrid approach of bulk heating and solvent vapor plasticization was used to promote fiber 
fusion. Representative SEM micrographs of e-PAN(0), e-PAN(24), e-PAN(48) and e-PAN(72) 
were provided (Figure 2-2 [e-PAN(x)]). 
No changes in the overall color or physical dimensions of the macroscopic fibrous web 
were observed during fiber welding/solvent removal. Furthermore, fiber welding appeared to 
only affect fibers near the surface of the e-PAN webs, while underlying fibers remained unfused. 
Comparing e-PAN(0) and e-PAN(24), fibers began to fuse along the axial direction, where the 
number of fibers involved in fiber welding increased with increasing tweld. Qualitatively, the 
number of fibers involved in axial fusion increased with tweld and in some cases agglomerated 
short-range fiber bundles before diverging. Median e-PAN df decreased, while polydispersity 
(Table 2-2), positive-skew (Figure 2-3 [A]) and fiber density (Figure 2-2 [e-PAN(x)]) increased 
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as tweld increased. We speculate that the reduction in df was caused by an increase in solvent 
removal, as samples of greater tweld were dried for longer time periods. The increased 
polydispersity was a result of axial fiber fusion as opposed to fibers crossing as a single weld 
(which would not impact df). Visually, the fiber density appears to have progressed with tweld, 
although this remains unconfirmed as no measurements were taken to provide a thorough 
investigation. An increased fiber density was been observed in a previous study, by Haverhals et 
al.24, when submersing fiber bundles in dilute ionic solvents. We conclude that the fiber welding 
procedure proved to axially fuse fibers, increase the interconnectivity of fibers at the exterior of 
e-PAN webs and increase the dispersion of df. 
2.5.2. Morphology Study: Thermal Evolution of Electrospun PAN (e-
PAN) 
Crucial steps in the resultant thermal-, electrical- and mechanical- properties of CNFs 
rely on two thermal treatments used in past research.4, 3 In the first thermal treatment, 
stabilization, e-PAN was heated to intermediate temperature and held isothermally in air. Here 
linear PAN chains undergo both dehydrogenation and cyclization, Scheme 2-2 [Stabilization], 
in which the oxygen plays a critical role in the formation of this highly conjugated structure. In 
the second thermal treatment, commonly known as pyrolysis, s-PAN was heated to 1000 oC in 
an inert nitrogen environment; here s-PAN undergoes dehydrogenation and denitrogenation, 
Scheme 2-2 [Pyrolization], to form a carbonized PAN structure, CNF.  
The stabilization process changed the overall fibrous web dimensions while retaining the 
morphology of e-PAN fibrous webs. During this thermal process the overall macroscopic cross 
sectional area of the fibrous webs was observed to decrease (associated with cyclization of linear 
PAN chains), although quantitative measurements were not taken. The cyclization discolors the 
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white e-PAN webs to a brown color and renders the material essentially insoluble. The mass loss 
as e-PAN was converted to s-PAN was ~21% independent of welding duration (Table 2-3). 
Macroscopically, the s-PAN webs maintained the flat in-plane geometry of the e-PAN. A 
reduction in df resultant from stabilization can be observed by noting the differences in Figure 2-
3 [A] & [B], or by directly comparing values in Table 2-2. s-PAN(x) decreased in median df in 
comparison to their respective e-PAN(x) constituent, barring s-PAN(48). Similarly, s-PAN(x) 
decreased in median df in with increased tweld, again barring s-PAN(48). The discrepancy in s-
PAN(48) should be considered a misrepresentation of the true df for the entire group of samples 
and would likely be corrected by increasing the number of locations measured on each fibrous 
web. As previously seen with e-PAN, s-PAN also increased in polydispersity and positive-skew 
with increased tweld, omitting tweld = 48 h. We conclude that stabilization reduced the macroscopic 
fibrous web dimensions, median df and total mass, while retaining the general morphology of e-
PAN fibrous webs. 
The pyrolization process converted s-PAN to CNFs webs and changed the overall fibrous 
web dimensions, yet maintained the general morphology of s-PAN fibrous webs. During this 
thermal process the overall macroscopic cross sectional area of the fibrous webs was observed to 
decrease, although no measurements were taken. The mass loss during pyrolysis was ~52% 
which resulted in a total mass yield through both thermal treatments of ~38%, independent of 
tweld (Table 2-3). Further discoloration was observed as the once brown s-PAN webs were 
transformed to black CNF webs after pyrolysis. Subtle macroscopic warping of the webs was 
observed, although occurrence was sparse and seemingly sporadic. Specifically, the occurrence 
of warping was inconsistent relative to measured data, including tweld, mass loss (in either 
stabilization or pyrolization), and df. Although this was caused by an asymmetrical contraction 
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during pyrolysis; we speculate that this stems from irregular stabilization or abnormalities 
incurred during electrospinning, as noted by Iversen.3 Similar to stabilization, yet more 
pronounced, a decreased median df can be observed by noting the differences in Figure 2-3 [B] 
& [C], or by direct comparison of values in Table 2-2. The resolution from SEM micrographs 
proved limiting for measurements of df, as the error in measuring a single fiber remains constant 
and the mean df of CNFs were much lower than the mean df of s-PAN fibers (compare df means 
and standard deviations). Despite limitations, the mean and median df of all s-PAN(x) were 
reduced as they were converted to their respective CNFs(x,p) constituents. SEM resolution may 
have caused measurement error in the CNFs samples and falsified the df data for CNFs reported 
in Table 2-2; however, the SEM micrographs in Figure 2-2 prove that the original morphology 
of the e-PAN webs was retained in the final CNF webs. We conclude that pyrolysis reduced the 
median df, total mass and macroscopic fibrous web dimensions with subtle fibrous web warping, 
while retaining the morphology of s-PAN fibrous webs. These results confirm that the 
morphology of the e-PAN webs dictates the final CNF web morphology. 
2.5.3. Morphology Study: Surface Modification of CNFs 
The functionalization processes did not impact the overall fibrous web dimensions or 
morphology of the CNF webs. CNF(24,p) were functionalized in two different ways: 1) 
chemical oxidation, 2) chemical oxidation followed by silanization; modification was also 
applied to CNF(0,p) samples used in resistivity measurements. Chemical oxidation of fibrous 
webs resulted in a slight decrease in mass, 13 ± 9.0%, which was partially attributed to small 
pieces of the web which broke off during handling of webs while saturated with nitric acid. 
During the silanization of fibrous webs, a slight increase in mass, 1.2 ± 0.8%, was attributed to 
the accumulation of the silane coupling agent; however, may include moisture up take. The fiber 
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diameter profile, f (df), of three samples were measured in the following states: CNF(24,p), 
CNF(24,ox) and CNF(24,sil) (Figure 2-4). Functionalization did not conclusively affect df or 
the overall morphology beyond what had previously existed in CNF(24,p). The df polydispersity 
existent in the original e-PAN proves changes at such a scale difficult to detect when surveying 
random fibers. Using transmission electron microscopy, TEM, to investigate architectural 
integrity of the fibers before and after oxidation could provide a more effective means to 
examine changes at this scale. We conclude that chemical oxidation and silanization did not 
change the fibrous web dimensions or the morphology, although the chemical architecture may 
have been impacted. 
2.5.4. Chemical Composition Analysis of Fibrous Webs 
The chemical composition of fibrous webs was collected via EDX. Spectral data revealed 
Kα peaks characteristic of C, N and O for all samples tested and an additional Kα peak 
characteristic of Si, for CNF(24,sil) (Figure 2-5). In order to retain consistency in results, all 
samples tested at 20 kV were mounted on a copper substrate. The copper substrate used in the 
current study proved successful in avoiding the Kα peak characteristic of aluminum; noted by the 
absence of any energy peak circa 1.5 keV for samples which were not silanized, Figure 2-5 [A]. 
EDX was used to provide quality control during fiber processing. Analyzing the compositions 
after stabilization and pyrolization was necessary due to its influence on resulting CNF 
properties. Additionally, EDX provided a crude method to assess chemical oxidation and 
silanization surface treatments, although XPS has been proven to be a better method to confirm 
functionalization.3, 25, 26 
Compositional analysis by EDX at 20 kV for 5 s was performed on an all s-PAN(x) 
webs, with results proving that the extent of stabilization was reproducible, Table2-4. During the 
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stabilization procedure, the elemental composition was essentially invariant with respect to tweld. 
The composition of e-PAN was 77 ± 1.0, 20 ± 0.8 and 3.2 ± 0.23 at-% for C, N and O 
constituents, respectively. Through stabilization, the C and N content decreased by ~5 and 1 at-
%, respectively. This was complemented by the increased O content, rendering the total O 
content in s-PAN(x) to be ~9 at-% (tweld specific values were reported in Table 2-4). The 
increase in oxygen content during stabilization was anticipated, as oxygen plays a critical role in 
stabilization.16 The tweld of s-PAN(x) samples did not have a notable impact on the composition, 
and the greatest variation in C, N of O content for any group was tolerable (where the largest 
value for (standard deviation)/mean was ~7%, O). We conclude from EDX measurements that 
the e-PAN webs were stabilized to a reproducible extent with respect to composition. 
Compositional changes through pyrolization were assessed availing potential for 
enhanced CNF properties. Elemental mass losses were calculated using total mass loss during 
pyrolysis, 53% Table 2-3, and contrasting EDX measurements at 20 kV for s-PAN(x) and 
CNF(x,p) webs. The mass loss by elemental constituents corresponding to C, N and O were ~53, 
44 and 69%, respectively, as s-PAN(x) were converted to CNF(x,p). Ideally, the C mass loss 
would be the lowest since the N and O introduce defects in the C lattice although the total mass 
loss was in the anticipated range. The high N content in CNF(x,p), ~22 at-%, can be rationalized 
by not only an inferior pyrolization temperature, but also the slow temperature ramp. The 
majority of volatilization of carbonaceous material - including carbon dioxide, carbon monoxide, 
hydrogen cyanide and methane - occurs between 350 and 800 oC, while temperatures over 720 
oC are required to initiate the release of pure nitrogen gas from the bulk of the fibers (rather than 
at/near the fiber surface).15 We note that the losses of carbonaceous material, were primarily 
associated with oxygen based gases. Purification of the cyclized carbon reduces the N diffusion 
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coefficients and in-turn traps gaseous nitrogen in the fiber.15 The initiation of nitrogenous gas 
release begins as low as 720 oC, though the extent of reaction would be incomplete up to 1000 
oC, the slower heating rate likely traps the nitrogen in the fiber core. With a temperature ramp 
rate of only 2 oC/min, the fibrous webs dwelled between 350-800 oC for far too long and mat 
have removed carbonaceous material in excess, rather than the nitrogen gas. This was 
accentuated by noting that the element ratio of O to N was nearly halved in the transition from s-
PAN(x) to CNF(x,p) webs (Table 2-4). Graphitization in argon gas, by heating up to 3000 oC, 
has been utilized to remove nitrogenous gas.15 Graphitization is further appealing as this would 
further reduce the final df, therefore increasing the strength to weight ratio. We speculate that the 
high loss of carbonaceous material during pyrolization was caused by the low temperature ramp 
rate. Further, we note that optimization of these thermal treatments, including a post 
graphitization step, would correct this issue and enhance the resultant CNF properties. 
EDX measurements for CNF webs at 5 and 20 kV revealed compositional fluctuations 
through the thickness of the CNF webs (Table 2-4, Figure 2-6). The only difference in these 
values was the Vacc used, where greater Vacc lead to greater depth of penetration by the electron 
beam and therefore greater depths of material were considered in the compositional analysis at 
20 kV. It is worth noting that higher Vacc have a tendency to slightly convolute the spectral peaks 
of lighter elements, where lower voltages have shaper peaks (Figure 2-5 [A] & [B]). The 
software was able to deconvolute the peaks and reported reproducible values with negligible 
error. We deduce that the lower Vacc, 5 kV, will excite fibers nearest the surface of the webs, 
while higher Vacc, 20 kV, eclipse compositions nearest the surface and probe deeper into the 
fibrous webs. 
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The compositions of CNF(x,p) webs, Figure 2-6, proved seemingly invariant to tweld, yet 
appear to fluctuate with respect to depth. Higher C content, lower N content and lower O content 
were observed in CNF(x,p) webs during testing at 5 kV in comparison to testing at 20 kV. The 
increased O content of fibers deeper in the web may have been caused during stabilization and 
simply maintained throughout pyrolysis, since measurements were performed at only one Vacc for 
s-PAN(x) samples. Furthermore, N content in CNF(x,p) webs was surprisingly abundant and 
more so in fibers at greater depths alluding to a need for optimization of thermal treatments or 
refinement in the method of compositional analysis. Based on these EDX results, we deduce that 
fibers at greater depths in the CNF(x,p) web have a different composition than those nearest the 
webs surface and call for further investigation. 
EDX was used as a crude method to confirm chemical oxidation and silanization 
functionalities. Recall that chemical oxidation was performed, using heated nitric acid, to 
increase oxygen based functionalities on the fiber surface during the conversion of CNF(24,p) to 
CNF(24,ox). The O content after chemical oxidation rose to ~9 at-% (Figure 2-6). Both 5 and 
20 kV EDX measurements showed ~2 at-% reduction in N content, suggesting that nitrogen-
based functionalities at the fiber surface may have been replaced by oxygen-based 
functionalities. Despite reproducible EDX results with respect to composition at a given Vacc, 
uncertainty exists with respect to homogeneity in the extent of chemical oxidation throughout the 
thickness of the fibrous webs. 20 kV EDX measurements further proved that CNF(24,ox) webs 
were successfully silanized; however, the standard deviation of Si content was 48% of the mean 
value for CNF(24,sil), Table 2-4. The relatively large fluctuation in Si content may have been 
caused by a deviance in df or measurement of such small Si quantities and should not be solely 
attributed to actual fluctuations in the degree of silane functionalization. X-ray photon 
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spectroscopy, “XPS”, has proved a better method to confirm functionalization, whether 
confirming chemical oxidation or silanization.3, 25, 26 We conclude from EDX measurements that 
chemical oxidation successfully increased the bulk O content over the untreated fibrous webs in 
a reproducible manner; however, uncertainty with respect to homogeneity in the extent of 
chemical oxidation throughout the thickness of the fibrous webs still exists. We further conclude 
from EDX that silanization of CNF(24,ox) webs increased the Si content; however, EDX has 
been proven to be an inferior technique to XPS, and we cannot confirm that the Silane molecules 
were successfully grafted to the CNF webs.  
2.5.5. Morphology Study: CNF Composites 
Composites were produced with a void-free epoxy matrix within the CNF webs. A SM 
epoxy matrix was imbibed in CNF(0,p), CNF(24,p), CNF(48,p), CNF(72,p), CNF(24,ox) and 
CNF(24,sil) webs via vacuum-assisted infiltration. Cumulatively, 66 composites were 
synthesized and resulted in a mean gravimetrically measured fiber content, φSyn, of 6.9 ± 1.7 wt-
% or 4.3 ± 1.1 vol-% (where the percent volume was calculated using densities of 1.75 and 1.06 
g/cm3 for CNFs and EP, respectively). We observed a smooth surface on an EP sample (Figure 
2-7 [A]); however, composites often had bubbles at the surface which exposed CNF webs 
(Figure 2-7 [B]). The right hand side of Figure 2-7 [B], revealing the CNFs, appears similar to 
composites produced by Luo.4 Despite vacuum-assisted infiltration and ample compression 
during cure, the composites showed small and randomly distributed voids in the smooth epoxy 
surface observed in EP samples. We speculate that fluctuation in the fiber density within the 
CNF webs resulted in the formation of bubbles and moderate changes in the φSyn (where one 
standard deviation was ~25% of the mean). Due to the presence of bubbles at the composite 
surface, care had to be taken when cutting specimens for testing. All composite specimens used 
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in experimentation were cut from composite sections without voids in the smooth epoxy coating. 
The void-free matrix within the CNF matrix was confirmed via SEM of freeze fractured 
composites; representative micrographs are shown in Figure 2-7 [C] & [D]. We conclude that 
composites produced with the outlined procedure, summarized in Appendix 1, produced a void-
free epoxy matrix within the CNFs webs, where voids in the epoxy rich surface and variant φSyn 
warrant further investigation. 
2.5.6. Thermogravametric Analysis (TGA) and Fiber Weight Fractions 
TGA was then employed in an effort to understand the thermal stability of CNFs and 
composites in addition to measurements of the localized fiber content. Concerning the latter, two 
specimens taken from the same composite with different fiber densities would not have the same 
fiber content measured by TGA, φTGA. Additionally, we desired to gain insights on the 
degradation behavior from TGA caused by either functionalization of CNFs or the interphase of 
composites. TGA was performed in a nitrogen environment from RT to 900 oC on four EP 
samples, two CNF webs for each type (CNF(0,p), CNF(24,p), CNF(48,p), CNF(72,p), 
CNF(24,ox) and CNF(24,sil)) and an arbitrary number of composites for each type (C(0,p), 
C(24,p), C(48,p), C(72,p), C(24,ox) and C(24,sil)). The differences in the weight loss profile of 
representative samples for CNF(24,p) and CNF(24,ox) were depicted in Figure 2-8 [A], where 
the residual wt-% at 800 oC, “wr”, was then derived for all samples, Table 2-5. The weight loss 
profiles of representative samples for EP, CNF(24,p) and C(24,p), Figure 2-8 [B], depict wr 
contributions of the neat constituents to the wr of the composite. Using Equation 2-3, TGA was 
attained and reported in Table 2-5 for comparison with values measured directly from synthesis, 
Syn. 
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We first considered the thermal stability of CNF webs using their representative weight 
loss profiles, Figure 2-8 [A], which lead to insight on functionalization and structural 
architecture of the CNFs. Neither tweld nor silanization impacted thermal stability beyond what 
exists in CNF(24,p) or CNF(24,ox), respectively. However, chemical oxidation did impact 
thermal stability. As such, the weight loss profiles in Figure 2-8 [A] for all CNF(x,p) were 
represented by the CNF(24,p) sample shown, and the weight loss profile for all CNF(24,ox) & 
CNF(24,sil) were represented by the CNF(24,ox) sample shown. The CNF web degradation was 
broken down into the following four temperature ranges, “TR”:  
TR(1):             T < 100 oC 
TR(2):   100 < T < 200 oC 
TR(3):   200 < T < 540 oC 
TR(4):             T > 540 oC 
In TR(1), we observed ~1.4 and ~2.5 wt-% mass loss for CNF(24,p) and CNF(24,ox), 
respectively. As CNF webs were stored in an 80 oC vacuum oven overnight prior to running 
TGA, the mass losses observed up to 80 oC were unforeseen. We reason that the mass losses in 
TR(1) were caused by the desorption of organic material which may have accumulated during 
sample transport from the vacuum oven to the TGA, although without analyzing the volatilized 
material, this remains speculative. Furthermore, CNF(24,ox) displayed a more pronounced mass 
loss than CNF(24,p) in TR(1), suggesting that the functionalities increased the adsorption of the 
material accumulated during sample transfer. These insights raise concern that the CNF webs 
may have adsorbed moisture/solvent and tainted the tailored interface of the fiber surfaces prior 
to composite synthesis. 
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In TR(2), mass losses for CNF(24,p) and CNF(24,ox) were observed to be ~1.2 and ~4.6 
wt-%, respectively. We speculate that causes for the increased mass loss of the CNF(24,ox) over 
CNF(24,p) were: 1) the increased functionalities of chemically oxidized CNFs creating a greater 
affinity for organic material adsorption before running the samples; 2) degradation and 
desorption of fiber surface functionalities; and 3) degradation of the less thermally stable 
conjugated carbon lattices as defects were introduced during chemical oxidation. We suspect that 
the chemical degradation further plays a role in TR(3) as the slope of CNF(24,ox) from 200 to 
540 oC was indicative of a greater mass loss than CNF(24,p). Chemical oxidation can damage 
the integrity of the carbon lattice as the chemical oxidation introduces defects at the surface.21 In 
TR(4) both CNF(24,p) and CNF(24,ox) have similar slopes indicating that oxidation only 
influences the degradation behavior beyond that of the CNF(24,p) webs up to 540 oC. The 
increased mass loss of CNF(24,p) in TR(4) proved surprising as the fibers had previously been 
heated to 1000 oC in a similar nitrogen environment. Further the continual mass loss of CNFs in 
TR(4), implies that wr of the CNFs , wr,f, was dependent on the heating rate. We reason that the 
thermal treatment procedures resulted in incomplete carbonization common with fibers treated 
below 2000 oC, again calling for further investigation into thermal treatment optimization. 
Sample preparation and the TGA protocol may have led to inconsistencies in wr,f and 
φTGA. The functionalized CNF webs have a greater mass loss in TR(1) and TR(2) which we 
speculated to be partially dependent on solvent adsorbed to the surface. The implementation of 
more stringent control of the environmental conditions of CNF webs prior to testing are 
recommended for future studies. Despite of the aforementioned mass losses at individual 
temperatures, the mean wr,f for CNF(x,p) and CNF(24,ox)-CNF(24,sil) webs was ~85 and ~70 
wt-%, respectively, which showed reasonable reproducibility. High resolution mode TGA was 
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useful for determining degradation temperatures; however, this introduced a variable heating rate 
dependent on mass loss. The continual CNF web mass loss through 800 oC renders wr,f more 
susceptible to the heating rate (Figure 2-8 [A]). No significant weight change occurred for EP 
and composite samples at or near 800 oC (Figure 2-8 [B]), rendering wr,e and wr,c less vulnerable 
to fluctuations in heating rate. Observing the large mass loss in the composites proved that the 
variable heating rate could allow for an increased mass loss of the CNFs in the composites as the 
temperature dwelled between 300 and 400 oC much longer, in contrast with neat CNFs, and 
could have impacted φTGA. We suspect that using a constant heating rate and more stringent 
protocol on the environmental conditions of CNF webs prior to testing would improve 
consistency in wr and φ
TGA, and should be implemented in future studies. 
TGA proved reliable in obtaining the localized fiber content for C(x,p); however, the 
results from functionalized composites were ambiguous. When contrasting with the CNF webs, 
the EP samples proved to be far less thermally stable (as substantial degradation occurs near 300 
oC); however, the results were much more reproducible, where wr,e = 7.0 ± 0.7. The error in wr,e 
can be associated with variant mass loss up to 200 oC, ~1-2%, associated with moisture removal 
from the EP samples; this mass loss was slightly larger in all composite samples, ~2.5-3.5%. 
Drastic differences between values for wr,f and wr,e, combined with the wr,c and Equation 2-3 
allowed for the calculation of φTGA within individual composites. The mean and standard 
deviation of wr and φ
TGA for all materials tested were reported, Table 2-5, where φTGA were 
compared to φSyn using a quotient (therefore perfect reproducibility would result in φTGA/φSyn = 
1.00 ± 0.00). We note that C(x,p) composites produced φTGA values similar to φSyn; however, 
C(24,ox) produced φTGA values notably higher than φSyn. We speculate that this may have been 
resultant from the interphase and/or the inconsistencies in wr,f. The standard deviations of 
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φTGA/φSyn for C(x,p) indicate that φTGA was with ~ ± 10% of φSyn. This may be explained by 
measurement error and/or a variable fiber density, although no testing was performed to assess 
the consistency of fiber density which may be inherent to the CNF webs; recall φSyn measured 
bulk fiber content and φTGA measured localized fiber content. φTGA will be dependent on the 
thermal history of the composites and therefore only applicable in comparing samples with the 
same thermal history. We conclude that TGA was reliable in obtaining the localized fiber content 
for C(x,p) samples of the same thermal history; however, unreliable in obtaining the fiber 
content for functionalized composites samples or differing thermal histories.  
2.5.7. Electrical Volume Resistivity 
The electrical volume resistivity/conductivity for various CNF webs and composites 
were measured and proved composite samples capable of electrical activation, via Joule heating. 
Electrical volume resistivity, “ρ”, (or electrical volume conductivity, “c”) measurements of 
CNF(0,p), CNF(0,ox), CNF(0,sil), C(0,p), C(0,ox) and C(0,sil) were conducted utilizing a four 
point probe method, described above. The reported ρ of all CNF webs, were not true electrical 
volume resistivities since the true geometry (down to individual fibers) of the CNF webs were 
not used in the calculation. The fibers were only isotropically distributed in the length-width 
plane, and never normal to the length-width plane (fibers did not run through the thickness); 
these CNF webs are anisotropic in their volumetric distribution. The CNF web ρ, reported in this 
study, assumed the geometry of a solid rectangular film (Equation 2-4), whereas it actually 
included well over 50% air with respect to the cross section. Measurements of ρ for individual 
fibers were not conducted; however, we can assert that individual fibers would have a much 
lower ρ than the reported values for CNF webs (and therefore a higher c) as the measurements 
for CNF webs in the current study included substantial amounts of air. 
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Chemical oxidation of the CNFs proved parasitic to c at RT, while silanization of 
CNF(0,ox) did not further alter c at RT. Contrasting CNF(0,p) and CNF(0,ox), chemical 
oxidation proved to decreased the c (Figure 2-9 & Table 2-6). Chemical oxidation of carbon 
based composites have proven to reduce c due to defects created in the highly conductive 
turbostratic carbon lattice.21 Silanization of the CNFs did not alter the c at RT, to a notable 
extent, beyond what had previously existed in the CNF(0,ox). Potential cause for this may arise 
because the silane coupling agent reacts primarily with the functionalities introduced during 
chemical oxidation, rather than reacting with lattice carbon. We believe that silanization did not 
influence c at RT – beyond what had been done by chemical oxidation – as silanization does not 
further disrupt the electrically conductive carbon lattice.  
In 2010, Luo and Mather produced a carbon nanofiber shape memory epoxy composite 
(providing the foundation for the current study) which was reported to possess an c “higher than 
most previously reported conductive SMPs with comparable filler contents” ca. 31 S/m with a 
filler content of 9.2 wt-%.2 C(0,p) in the current study was synthesized using the same materials 
and a nearly identical procedure. The c of this like composite - measured in the current study - 
proved the c to be 254 S/m at RT, or ~eight times higher (Table 2-6). The difference between 
these two values should be solely associated with the elimination of contact resistance during 
measurement, achieved through availability of precision instrumentation and has been thus 
reported in tribute to Luo and Mather.2 In the study conducted by Luo and Mather, their 
composites proved capable of electrically triggered SM recovery. With the high c of composites 
tested in the current study, we are confident that these composite samples can be heated via Joule 
heating, availing the electroactive nature of these composites. 
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Composites synthesized from the CNFs (CNF(0,p) to C(0,p), CNF(0,ox) to C(0,ox), and 
CNF(0,sil) to C(0,sil)) proved to decrease c with respect to neat CNFs, Figure 2-9. We reason 
that this result should be associated with the measured thickness of the CNF webs being smaller 
than that of the composite. In comparison to the CNFs, the c of both air and epoxy can be 
considered to be negligible, therefore the c of the composites was dictated by fiber 
content/volumetric distribution and therefore were reduced to fibrous web thickness. The 
difference in thickness was attributed to the compressibility of the CNF webs, which were 
measured under a compressive stress of 1.78×10-2 MPa, while CNFs in the composite were 
rendered effectively incompressible. Due to the differences in φSyn, we cannot prescribe 
conclusions on the effect of functionalization within the C(0,ox) in contrast to the C(0,p) or 
C(0,sil). We can, however, conclude that either oxidation or silanization adversely affected the c 
of the composites, as C(0,sil) showed a lower c than C(0,p), yet both had the same φSyn. We 
conclude from these results that chemical oxidation reduced c of the CNFs and either oxidation 
or silanization procedures reduced the composite c. We reason that such high c of all 
composites tested suggests their capability of electrical activation, although no electrically 
triggered shape memory testing was conducted in this study. 
All CNF webs and composite samples tested proved to act in a semiconductive nature, in 
which a thermal energy increases the c, giving rise to an activation energy. The semiconductive 
nature of the CNFs and the composites can be observed in Figure 2-9 as the ρ of all samples 
decreased with increasing temperature. Fitting an Arrhenius model to data, plotted as log10(ρ) vs 
1000/T (Figures 2-10 & 2-11), lead to an activation energy calculated from: 
log10(𝜌) = C +
𝐸A
2302.6∗2∗𝑘B
×
103
T
 (2-5) 
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where C, kB, EA and T represent an arbitrary constant, the Boltzmann constant, an activation 
energy and the absolute temperature. This activation energy may not solely include the band gap 
energy, considering that these fibers were not inter-connected, and may include electron-fiber-
hoping temperature dependencies. Given that EA = m*2*2302.6* kB, where m represents the 
slope from the linearized model, values of EA were reported from fitting parameters. EA 
quantifies the temperature dependency of the electrical resistivity as thermal energy, or kBT, 
could be used to excite the electrons. 
Resistivity data for CNF webs were fit to the Arrhenius model over the entire 
temperature range; however, two separate but distinct thermal dependencies were observed, as 
shown in Figure 2-10. These were was characterized by an intersection temperature, TI, which 
separated a lower and higher thermal behavior, or T < TI and T > TI, respectively. In an effort to 
show the CNFs dependency on two Arrhenius models with distinct activation energies, three 
trend lines were fit to the data (thus three EA were reported): 1, over the entire temperature range, 
2, below TI, and 3, above TI, Figure 2-10. Linearized Arrhenius models were fit to data with 
coefficient of determination values, “R2”, > 0.99, (with the exception of CNF data modeled over 
the complete temperature range, Table 2-7). The composites required only one trend line to 
achieve comparable R2; however, these thermal transitions (in electrical behaviors) were 
observed in the CNFs at temperatures greater than the temperatures at which the composites 
were tested. Therefore, uncertainty surrounds any influence of composite synthesis upon TI, 
highlighted by the linearity of composite samples in Figure 2-11. The EA increased in the 
transition from C(0,p) to C(0,ox) and further increased in the transition from C(0,ox) to C(0,sil). 
We reason this to be evidence of chemical oxidation and silanization procedures to have 
hindered electron mobility; however, reproducibility must be confirmed. We conclude from 
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these results that CNFs and composites alike exhibited at least one activation energy, where 
increased thermal energy increased c following Arrhenius kinetics. 
2.6.  Summarized Results and Conclusions 
In this chapter, we have detailed CNF web and composite synthesis. The morphology of 
the resultant CNF webs were tailored to avail the axial fusion of fibers, therein enhancing the 
interconnectivity of the webs. Evidence was provided in support of further investigation and 
optimization of thermal treatments. The surface of select CNFs were chemically oxidized and 
silanized, where the extent of chemical oxidation proved more reproducible than silanization. 
Furthermore, composite synthesis was successful as shape memory epoxy was used to 
impregnate the CNF webs, resulting in a void-free composite. Along with tailored CNF web 
functionalizations came increased adsorption of organic material and a reduction in c which 
translated into their respective composites. With the high c of composites, we are confident that 
these composite can be heated via Joule heating and availing electroactive composites. We 
envisage the interconnectivity of the CNF webs to aid in thermal, electrical and mechanical 
properties, while the surface functionalizations aid primarily in load transfer between the CNFs 
and SM epoxy. This chapter provided foundation for characterizing the thermal, mechanical and 
SM behavior of composites, discussed in Chapter 3. 
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Table 2-1. Nomenclature for material and sample referencing. 
 
2.8. Tables, Figures and Schemes 
  
Material Definition
e-PAN All electrospun ployacrylonitrile fibrous webs (non specific to welding duration)
e-PAN(x) e-PAN specific to welding duration.
a
s-PAN All stabilized e-PAN - e-PAN after stabilization (non specific to welding duration)
s-PAN(x) s-PAN specific to welding duration.
a
CNF All carbon nanofibers - s-PAN after pyrolization (non specific to welding duration)
CNF(x,y) CNF specific to welding duration
a
 and surface treatment.
b
EP All cured neat epoxy without fibrous webs (non-specific synthesis number).
C(x,y)
EP(Sz) Cured neat epoxy from synthesis number "z".
c
C(x,y-Sz)
Notes:
a
b
c "z" represents the epoxy or composite synthesis number of a certain group of material 
type (groups are Ep or C(x,y)). One group will consist of many "z", where multiple 
samples originate from a given "z". 
"x" represents the number of hours fibrous webs were solvent welded, where x = 0, 24 
48 or 72.
"y" represents surface treatment, where y = p, ox or sil. Here "p" represents 
pristine/untreated, "ox" represents oxidized and "sil" represents oxidized and silanized.
Group of composites with CNF(x,y)
a,b
 webs cured in epoxy matrix (non-specific 
synthesis number).
C(x,y) from synthesis number "z" 
c
 (e.g. C(24,ox-S1) from C(24,ox) group; specifically, 
synthesis number one).
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Figure 2-1. Production of e-PAN(0) fibrous webs via electrospinning. A homogeneous solution 
of PAN and DMF in a 1.00 g to 10 mL ratio was placed in a syringe with a stainless steel, 20 
gauge, square syringe tip. The syringe tip was charged with 13,500 V and placed 7.0 cm from a 
collection drum rotating at 400 revolutions per minute with slow translation charged to an 
opposite potential of -500 V. The syringe was placed in a syringe pump used to apply a constant 
flow rate, 1.00 mL/h, for 6 h, or 6.00 mL of solution. 
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Scheme 2-1. Procedural overview of welding e-PAN fibrous webs. Fibrous webs were placed in 
a 50 mL beaker which was then loosely covered with an aluminum lid. Open vials filled with 
DMF were placed at the parameter inside a glass jar. In (A), the 50 mL beaker was placed in the 
center of the glass jar which was then capped. In (B), the apparatus was submersed in a 
continuously stirred and preheated oil bath at 75 oC, (B). Fibrous webs were then removed at 24, 
48 and 72 h increments, resulting in e-PAN(24), e-PAN(48) and e-PAN(72), respectively. 
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Scheme 2-2. Idealized thermal evolution of PAN chemical architecture through stabilization and 
pyrolization adopted from Luo.4 Stabilization depicts the transformation from (A), linear PAN, 
by heating at 2 oC/min to 280 oC followed by a 3 h isothermal hold in air, to (B), the 
cyclized/highly-conjugated s-PAN. Pyrolization subjects s-PAN to both dehydrogenation and 
denitrogenation, by heating at 2 oC/min to 1000 oC followed by a 1 h isothermal hold. This 
transforms (C), multiple chains of s-PAN, to (D), ribbon-like carbonized PAN which run axially 
to the carbon fibers. Note: this ignores oxygen functionalities, introduced during stabilization, as 
well as defects in the lattices of carbonized PAN availing the rotationally faltered architecture.10, 
15 
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Scheme 2-3. Potential fiber surface functionalities. In (A), possible oxygen based functionalities 
resultant from oxidation of CNFs were shown. In (B), possible functionalities resultant from 
silanization of oxidized CNFs were shown.
3
 In (B-i) and (B-ii), bound silane molecules can 
create/enumerate (B-iii), binding sites for epoxide groups to attach. In (B-ii), bound silane 
molecules can create (B-iv), additional binding sites for silane molecules to attach. 
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Scheme 2-4. Procedural outline of composite synthesis. In (A), epoxy constituents in their raw 
form were weighed and subsequently (B) blended. After degassing and pouring epoxy in a weigh 
tray, CNFs were placed in the epoxy for a second degassing. In (C), Imbibed CNFs were then 
placed, juxtapose Teflon spacers, between treated glass plates. In (D), clamps were applied to the 
apparatus which was then placed in an isothermal oven for a 1 h cure at 100 
o
C, followed by 
stress free post cure at 130 
o
C for 1.5 h. (E) depicts separation of the glass plates leaving only the 
epoxy/composite. Lastly the excess epoxy was trimmed from the composites. 
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Figure 2-2. SEM micrographs at 10,000x magnification showing: morphological changes to 
fibers attributed to welding duration (vertical) and thermal treatment (horizontal). Qualitative 
fiber interconnectivity and relative fiber density should be assessed. 
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Table 2-2. Characterizing fiber diameter, d
f
, dispersion for e-PAN, s-PAN and CNF webs. Since 
the median and mean represent a number average and weighted average, respectively, the 
polydispersity was calculated as the quotient: mean/median. 
 
  
Material Median Mean St. Dev. Polydispersity
e-PAN(0) 236 239 59 1.01
e-PAN(24) 240 257 95 1.07
e-PAN(48) 229 248 83 1.08
e-PAN(72) 219 249 133 1.14
s-PAN(0) 215 220 61 1.02
s-PAN(24) 212 222 73 1.05
s-PAN(48) 246 250 95 1.02
s-PAN(72) 199 226 112 1.13
CNF(0,p) 144 158 61 1.10
CNF(24,p) 144 151 64 1.05
CNF(48,p) 184 204 81 1.11
CNF(72,p) 154 173 86 1.12
d f  (nm)
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Figure 2-3. Changes in the df profile verses fibrous web welding duration and thermal treatment 
for: (A), e-PAN, (B), s-PAN, and (C), CNF, webs. Individual data sets (30 measurements at 3 
locations per sample) were accumulated over three samples for each box plot (i.e. 270 
measurements). For a given welding duration, the same three samples were measured for before 
and after each thermal treatment (i.e. samples measured in (A) were used in measurements for 
(B) and (C)). Box plots were comprised of values correspond to the 5, 10, 25, 50, 75, 90, and 95th 
percentiles, from left to right. 
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Table 2-3. Material lost during stabilization and pyrolization, where n represents the number of 
samples measured before and after each thermal treatment. 
 
  
Weld Duration (h) n Stabilization Pyrolization Yield
0 3 21 ± 1% 51 ± 1% 39 ± 1.4%
24 11 20 ± 2% 54 ± 3% 37 ± 2.3%
48 3 22 ± 1% 52 ± 4% 37 ± 2.9%
72 3 20 ± 1% 53 ± 1% 38 ± 0.3%
Mass Loss
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Figure 2-4. Changes in the profile of f (df), showing the progression of df as three CNF samples 
((A)-(C)) were functionalized. The CNF webs (white - CNF(24,p)) were first oxidized (grey - 
CNF(24,ox)) and subsequently silanized (black - CNF(24,sil)) according to Sections 2.3.3 & 
2.3.4. The frequency of measured df were sorted into bins centered and spaced at 50 nm intervals 
and normalized by n (90 measurements). Data exhibited positive skew with median fluctuations 
independent of functionalization. 
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Figure 2-5. Representative energy dispersive x-ray, “EDX” spectra from two accelerating 
voltages for: (A), 20 kV (where (i), CNF(24,p), (ii), CNF(24,ox), (iii), CNF(24,sil), (iv), e-
PAN(24), and (v), s-PAN(24)) and (B), 5 kV (where (i), CNF(24,p), (ii), CNF(24,ox), and (iii), 
CNF(24,sil)). The Kα characteristic x-ray energy for carbon, “C”, nitrogen, “N”, oxygen, “O”, 
and silicon, “Si”, were indicated by vertical dashed lines (noted above the plots). Comparing the 
same CNF samples run at the two accelerating voltages, we observe slight convolution of the C, 
N and O peaks at 20 kV. The CNF(24,sil) samples tested at 5 kV show no significant increase in 
Si content (in comparison to other CNF types) as observed during the 20 kV measurements. 
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Table 2-4. Mean at-%, with error of one standard deviation, reported based on the results from 
EDX measurements. The accelerating voltage, Vacc, collection duration, t, and sputter coating 
material were included in the table headings. Where n(m) represents the number of samples 
tested in “m” locations (e.g. for an n (3) value equal to 4 the mean and standard deviation were 
calculated over 12 spectra, or 3 locations on 4 samples). 
 
  
Material n (3) C (at-%) N (at-%) O (at-%) Si (at-%) N/C O/N
s-PAN(0) 4 71 ± 1.2 19 ± 0.9 9.1 ± 0.60 - 0.27 ± 0.02 0.47 ± 0.03
s-PAN(24) 7 72 ± 1.2 19 ± 0.8 9.1 ± 0.49 - 0.26 ± 0.02 0.48 ± 0.02
s-PAN(48) 3 73 ± 1.4 19 ± 1.2 8.8 ± 0.36 - 0.26 ± 0.02 0.47 ± 0.03
s-PAN(72) 3 72 ± 1.1 19 ± 1.0 8.8 ± 0.34 - 0.26 ± 0.02 0.47 ± 0.03
Material n (3) C (at-%) N (at-%) O (at-%) Si (at-%) N/C O/N
CNF(0,p) 4 71 ± 1.8 23 ± 1.8 6.0 ± 0.4 0.03 ± 0.01 0.32 ± 0.03 0.26 ± 0.03
CNF(24,p) 10 72 ± 2.5 22 ± 1.8 6.1 ± 0.7 0.03 ± 0.01 0.31 ± 0.03 0.28 ± 0.01
CNF(48,p) 4 71 ± 2.2 23 ± 1.5 6.1 ± 0.8 0.02 ± 0.02 0.32 ± 0.03 0.27 ± 0.02
CNF(72,p) 4 72 ± 2.2 22 ± 1.6 6.1 ± 0.6 0.03 ± 0.01 0.31 ± 0.02 0.28 ± 0.01
CNF(24,ox) 8 71 ± 2.3 20 ± 2.1 9.3 ± 1.5 0.05 ± 0.01 0.27 ± 0.02 0.51 ± 0.05
CNF(24,sil) 5 72 ± 2.1 18 ± 1.5 9.1 ± 0.9 0.23 ± 0.11 0.26 ± 0.02 0.49 ± 0.04
Material n (2) C (at-%) N (at-%) O (at-%) Si (at-%) N/C O/N
CNF(0,p) 4 83 ± 0.7 14 ± 0.7 3.3 ± 0.2 - 0.16 ± 0.01 0.24 ± 0.02
CNF(24,p) 12 83 ± 0.4 13 ± 0.5 3.7 ± 0.6 - 0.15 ± 0.01 0.30 ± 0.06
CNF(48,p) 4 83 ± 0.6 13 ± 0.6 3.8 ± 0.2 - 0.15 ± 0.01 0.26 ± 0.03
CNF(72,p) 4 84 ± 1.6 13 ± 0.6 3.4 ± 0.2 - 0.16 ± 0.01 0.29 ± 0.06
CNF(24,ox) 9 79 ± 1.3 11 ± 0.5 9.3 ± 1.2 - 0.15 ± 0.01 0.81 ± 0.10
CNF(24,sil) 5 78 ± 1.0 12 ± 0.6 9.0 ± 0.7 - 0.15 ± 0.01 0.75 ± 0.08
Element Ratios
V acc = 5 kV, t  = 60 s, Uncoated
Element Ratios
V acc = 20 kV, t  = 20 s, Uncoated
Element Ratios
V acc = 20 kV, t  = 5 s, Gold Coated
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Figure 2-6. Mean O, N and C at-%, with error of one standard deviation, in CNF webs based on 
the results from EDX. When profiling at shallow sample depths, 5 kV (white), the samples have 
lower N and O at-% and a higher C at-%, juxtapose deeper profiling, 20 kV (grey). This shows 
evidence of a pronounce skin-core morphology at greater depths. 
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Figure 2-7. Representative SEM micrographs showing the spanwise topography for: (A), EP, 
and (B), C(0,p), in addition to the transverse morphologies for: (C)-(D) C(0,p). Transverse SEM 
micrographs were captured using samples submersed in liquid nitrogen and rapidly deformed, in 
a bending deformation mode, to freeze-fracture the composite. (C) and (D) depict a dark grey 
epoxy matrix in contrast with white dots corresponding to the CNF(0,p) which were imbibed in 
the C(0,p) samples. The lack of voids in this transverse morphology were indicative of an 
effective removal of gaseous material during synthesis. 
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Figure 2-8. Representative temperature-weight loss profiles of selected materials in a nitrogen 
environment. In (A), observe a comparison of CNF(24,p), blue-short-dash, to CNF(24,ox), 
green-solid, which show marked difference in temperature profile and total mass loss. In (B), 
observe how the mass loss from EP, red-long-dash, and CNF(24,p), blue-short-dash, as they 
contribute to the thermal degradation of C(24,p), black-solid. 
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Table 2-5. Thermal stabilities of CNF, EP and composite materials up to 800 oC. The mean and 
standard deviation were reported for the residual wt-%, wr, and composites fiber content, φ. 
Superscripts indicate the method of determining φ, whether calculated by TGA (TGA) or 
measured directly from synthesis (Syn). The number of samples tested for each material were 
reported as n. The cumulative mean and standard deviation for all composites were reported in 
the final row, (Cumm. Comp.). 
 
  
Material n w r (wt-%) φ
TGA
φ
Syn
φ
TGA
 / φ
Syn
CNF(0,p) 2 82.3 ± 1.2 - - -
CNF(24,p) 2 85.2 ± 3.1 - - -
CNF(48,p) 2 82.9 ± 2.8 - - -
CNF(72,p) 2 85.9 ± 0.6 - - -
CNF(24,ox) 2 69.7 ± 0.9 - - -
CNF(24,sil) 2 71.0 ± 1.5 - - -
EP 4 7.0 ± 0.7 - - -
C(0,p) 6 11.5 ± 0.7 6.0 ± 0.9 6.0 ± 0.6 1.01 ± 0.13
C(24,p) 5 12.3 ± 0.5 6.8 ± 0.6 6.9 ± 0.5 1.00 ± 0.16
C(48,p) 6 12.3 ± 1.7 7.0 ± 2.2 6.6 ± 1.5 1.04 ± 0.13
C(72,p) 4 12.3 ± 0.6 6.8 ± 0.8 6.5 ± 0.7 1.05 ± 0.06
C(24,ox) 4 13.9 ± 1.2 11.0 ± 2.0 8.4 ± 0.6 1.31 ± 0.18
C(24,sil) 7 11.6 ± 2.1 7.2 ± 3.3 7.2 ± 1.8 0.96 ± 0.31
Cumm. Comp. 32 12.2 ± 1.5 7.3 ± 2.4 6.9 ± 1.3 1.04 ± 0.20
Fiber Content (wt-%)
 
69 
 
 
Figure 2-9. Resistivity temperature profiles for the 2nd heating for: (i), CNF(0,p)-red, (ii), 
CNF(0,ox)-black, (iii), CNF(0,sil)-blue, (iv), C(0,p)-red, (v), C(0,ox)-black, and (vi), C(0,sil)-
blue. Here data were reported in ~5 oC intervals for all samples. The decreasing resistivity with 
increasing temperature reveals the intrinsic semiconductive nature of all samples tested. The 
increase in composite ρ of the over the fibers was attributed to the sample thickness used in 
calculations. 
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Table 2-6. Electrical properties of CNF and composites from four point probe DC voltage 
measurements, where ρ and c represent electrical volume resistivity and conductivity, 
respectively. Note that CNF(0,ox), CNF(0,sil), C(0,ox) and C(0,sil) were non-welded, uniquely 
for resistivity measurements. 
 
  
Material 35 
o
C 60 
o
C 35 
o
C 60 
o
C φ
Syn 
(wt-%)
CNF(0,p) 0.0022 0.0022 445 464 -
CNF(0,ox) 0.0072 0.0068 138 148 -
CNF(0,sil) 0.0072 0.0066 138 152 -
C(0,p) 0.0039 0.0038 254 265 6.7
C(0,ox) 0.0125 0.0119 80 84 5.9
C(0,sil) 0.0098 0.0091 102 110 6.7
ρ  (Ω-m) σ c (S/m)
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Figure 2-10. Linearized resistivities for the 2nd heating for: (i), CNF(0,p)-red, (ii), CNF(0,ox)-
black, and (iii), CNF(0,sil)-blue. All CNF webs obey Arrhenius first order kinetics which 
deviate in slope, or activation energy “EA”, at a prescribed temperature, TI. EA below TI, T < TI 
(circles), appeared to deviate from EA above TI, T > TI (triangles). This phenomena is noted by 
the change in slope at the inflection, TI. In order to emphasize the need for a second EA, a 
dashed-green line was plotted to represent a linearized Arrhenius model fit to all data points 
shown for a given samples (encompassing the entire temperature range). 
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Figure 2-11. Linearized Arrhenius models of the 2nd heating for: (i), CNF(0,p)-red, (ii), 
CNF(0,ox)-black, (iii), CNF(0,sil)-blue, (iv), C(0,p)-red, (v), C(0,ox)-black, and (vi) C(0,sil)-
blue. Composites obey Arrhenius first order kinetics similar to CNF webs, however resistivity 
measurements were not conducted for T > TI (of their corresponding CNF web constituent), 
therefore only one composite EA was reported. 
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Table 2-7. Activation energies, EA, of CNFs and composites. Values were computed from the 
slope of the linearized Arrhenius equation used to modeling the temperature dependency of ρ, 
Equation 2-5. Given values of EA and R
2 were calculated over data from the temperature range 
noted in the column headers. 
 
  
Material E A (eV) R
2
TI (
o
C) E A (eV) R
2
E A (eV) R
2
CNF(0,p) 0.031 0.993 89 0.028 0.999 0.044 1.000
CNF(0,ox) 0.034 0.962 70 0.046 0.995 0.021 0.999
CNF(0,sil) 0.075 0.994 83 0.069 0.999 0.095 0.999
T < TI T > TI35 to 105 
o
C
Material φ
Syn 
(wt-%) E A (eV) R
2
C(0,p) 6.7 0.031 0.997
C(0,ox) 5.9 0.033 0.989
C(0,sil) 6.7 0.053 0.999
30 to 65 
o
C
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Chapter 3. Thermal, Mechanical and SM Performances of Composites 
3.1. Scope 
In this chapter, the thermal, mechanical and shape memory (SM) properties of 
composites were contrasted with neat epoxy, EP, in order to quantify composite performance 
enhancement. The methods outlined in Chapter 2, or summarized in Appendix 1, were used to 
synthesize C(0,p), C(24,p), C(48,p), C(72,p), C(24,ox), C(24,sil) and EP. Differential scanning 
calorimetry, DSC, and dynamic mechanical analysis, DMA, were used to measure the thermal 
and thermomechanical properties of these materials. SM kinetics were assessed by fixing flat 
samples, to a curved temporary shape, and tracking shape recovery – to the flat permanent shape 
– upon submersion in an isothermal bath. Dynamic SM was assessed by recording radial 
displacement, torque and temperature as rectangular films were subjected to multiple SM cycles, 
each comprised of four steps: loading, fixing, unloading and recovery. The composites showed 
remarkable improvements – in mechanical and SM performance – over EP, where alterations to 
the CNF webs (detailed in Chapter 2) proved influential to their respective composite. 
3.2. Background 
Polymers offer several advantages over metals in structural and automotive applications 
due to their light weight, low production cost and ease of manufacturing. Concerning their SM 
material counterparts, the disadvantages of SMPs include slow recovery speed, low recovery 
force, low thermal and electrical conductivity, and low modulus.1 Many of the challenges faced 
by SMPs have been combated using the composite approach, where thermal and mechanical 
properties of the composites must be defined in order to evaluate their success. Furthermore, 
these thermal and mechanical properties aid in the selection of parameters used during SM 
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testing, and are crucial in understanding the SM performance.2 With a clear understanding of the 
structure-property relationships of a particular system, the SM properties can be tailored to a 
desired application.3 
In efforts to characterize the thermal and mechanical properties of SMPs, researches have 
used a variety of testing methods in order to understand SM behavior. Characterization of the 
thermal properties of SMPs and their composites is typically conducted using DSC for its ability 
to reveal glass transitions, melting transitions, specific heat, percent crystallinity and reaction 
kinetics.4 These thermal transitions can then be used to exploit the SM properties and are 
paramount to the SM cycle. Thermo-mechanical analyzers, TMA, can be used to ascertain a 
coefficient of linear thermal expansion, CLTE, for SM materials. In a study conducted by 
Rousseau, conclusive evidence revealed that the SM performances of epoxies were driven by 
thermal expansion and contraction with strain-dependent tendencies.2 DMA is often performed 
in order to assess the thermomechanical properties where the storage modulus, E’, and loss 
modulus, E”, temperature profiles provide useful information. Of particular interest, the step-
wise drop in E’ through Tg is an indicator of the fixing ratio, RF, where a greater drop in E’ often 
leads to a greater RF. Because the mechanical properties of materials are measured during a 
temperature sweep, DMA provides thermomechanical data which additionally leads to a Tg. In 
the work of Luo5, the Tg of epoxies were measured by DMA to produce a Gordon-Taylor series 
as the compositions were altered. The results from this study proved the capability of tuning the 
epoxy Tg – and therefore the SM properties – while further collecting mechanical data. Beyond 
DMA, mechanical properties can be evaluated using methods such as uniaxial tension, 
compression, three point bending, relaxation and creep tests to name a few. 
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The SM performance of SMPs and their composites are quantified using various metrics 
including the recovery speed, recovery force/stress, RF, recovery ratio (RR) and the number of 
SM cycles to failure.3 RF and RR are calculated using the strain after loading-ϵm, strain after 
unloading-ϵu, and strain after recovery-ϵp, (where typically RF = (ϵu / ϵm)×100, and RR = (ϵu - 
ϵp)/(ϵm - ϵp)×100) regardless of the deformation mode.
3 Many studies have used various modes of 
mechanical deformation in SM studies including tensile6, 7, compressive8, 9, torsional10, 11 and 
bending12, 13. Additionally, several mechanisms have been used to trigger the SM response of the 
materials. Thermal stimulus remains most common triggering mechanism for SMPs and the 
testing procedures for these properties can be characterized by either kinetic or dynamic SM 
recovery response. The kinetic SM recovery involves instantaneously exposing fixed samples to 
an environment which triggers recovery such as an isothermal bath near or above the transition 
temperature of the SMP/composite. This type of procedure measures the materials SM recovery 
response as a function of time, making it ideal for measuring the recovery speed. This time-
dependent nature leaves the results moderately influenced – primarily at low times – by heat 
transfer and thermal conductivity. Alternatively, dynamic SM recovery involves gradual heating 
of the sample and therefore requires a constant heating rate. Here the heating rate can be slowed 
to reduce the initial influence of heat transfer on the material response; however, the heat transfer 
will have minimal effects for the duration of the SM recovery. 
Due to the complexity of SM response behavior and numerous triggering mechanisms for 
SMPs and their composites, a plethora of models have been developed. We have narrowed this 
discussion mainly to the thermal SM response models for their relevance to the present study. 
Mather et al. thoroughly detailed the mathematical modeling of thermally triggered SMPs, 
explaining that they are generally derived from either standard linear viscoelasticity or 
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thermodynamics.3, 14 Thermodynamically based models generally use a frozen phase and one or 
more active phases. The mechanical response of each phase can be modeled separately, where 
the frozen phase accommodates stored elastic strain, and the active phase/phases can 
accommodate mechanical/thermal strain.3 The elastic strain in the frozen phase is then released 
to the active phase once recovery is initiated. Concerning viscoelasticity, viscous elements of the 
material are represented by dashpots and elastic elements of the material are represented by 
springs. The most basic models are comprised of one spring and one dashpot element in series 
(Maxwell model) or parallel (Kelvin model). With each additional element to the system, these 
models become increasingly complex, as in the case of the Standard Linear Model15 or further 
the modified Maxwell-Weichert Model used by Heuchel et al.16. Alternatively, Luo used a 
standard sigmoidal function to model thermally triggered SMP composites – worth noting for the 
systems similarity to the C(0,p) used in the current study. In these results an excellent fit was 
achieved for recovery up to 1.2 s, with R2 > 0.995, and further allowed computation of thermal 
induction and recovery times.5 This model is a simplified form of the lognormal distribution 
function which has tremendous versatility.17 
 The approach of the current study aims to provide a thorough understanding of the 
thermal and mechanical properties by utilizing DSC and DMA. SM properties were measured 
using kinetic SM recovery response, under bending deformation, and dynamic SM recovery 
response, under torsional deformation. Results from the former were mathematically modeled. 
Using thermal and mechanical data in combination with the results from Chapter 2, we have 
revealed and will show the advantageous SM properties of these composite materials and further, 
provide analysis to contrast the composites among one another. 
3.3. Characterization Methods 
 
78 
 
3.3.1. Differential Scanning Calorimetry (DSC) 
DSC was used for the acquisition of thermal properties of EP and composite samples, 
including: glass transition temperature, Tg, the change in Cp through the Tg (ΔCp), and specific 
heat capacity, Cp (at 45, 50, 55 and 60 
oC). A DSC Q2000 (TA Instruments) was provided by 
GM-TC for data acquisition. DSC was performed on sections of all EP and composites used in 
the isothermal SM recovery experiments, Section 3.3.3: EP, C(0,p), C(24,p), C(48,p), C(72,p), 
C(24,ox) and C(24,sil).Sample preparation included: cutting discs from the films, weighing and 
sealing discs in an aluminum pan (TzeroTM, TA Instruments). The DSC protocol, omitting the 
five minute isothermal holds which succeeded each step, was implemented as follows: 
equilibrate at -20 oC, heat to 200 oC at 10 oC/min (removed thermal history and physical aging), 
quench to -20 oC, and heat to 200 oC at 10 oC/min. The 2nd heating was used for calculating Tg, 
ΔCp and Cp values; where the former two quantities were measured over the temperature span 
from 20 oC to 80 oC. 
3.3.2. Dynamic Mechanical Analysis (DMA) 
Utilizing DMA in tension, temperature dependent curves were obtained for: the loss 
modulus (E”), storage modulus (E’), and tan(δ), or E”/E’. A DMA Q800 (TA Instruments) was 
provided by GM-TC for data acquisition. DMA was performed on sections of all EP and 
composites used in the isothermal SM recovery experiments, Section 3.3.3: EP, C(0,p), C(24,p), 
C(48,p), C(72,p), C(24,ox) and C(24,sil). Sample preparation included cutting rectangular 
sections (allowing for ~10 x 1.25 x 0.25 mm geometries after clamping) and heating to 200 oC 
(to remove thermal history and physical aging) prior to loading in the DMA. Loaded samples 
were subjected to oscillatory tensile deformation during equilibration to 0 oC and heating to 100 
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oC at 2 oC/min, under the following conditions: a preload force of 40 mN, a frequency of 1Hz 
and an amplitude of 15 μm. 
3.3.3. Isothermal SM Recovery: Bending Deformation 
The isothermal SM recovery behavior of EP and composite samples was characterized by 
time dependent metrics. Data were collected for the following materials: EP(Sz), C(0,p-Sz), 
C(24,p-Sz), C(48,p-Sz), C(72,p-Sz), C(24,ox-Sz) and C(24,sil-Sz) (where z =1, 2 or 3, as 
detailed in Table 2-1). Flat rectangular films were fixed to a temporary bent-shape and videos 
(using Toshiba-Camileo X200 with 12x optical zoom, 20x advanced zoom and 1920x1080p HD 
resolution @ 29.97 frames/s) captured the shape recovery from the temporary/fixed bent-shape 
to the permanent flat-shape, upon submersing samples in an isothermal water bath. The shape 
recovery was fit to selected models which then availed the aforementioned time dependent 
metrics. For this experiment three samples were cut into rectangular films of a measured width, 
w = 2.84 ± 0.16 mm, and thickness, d = 0.24 ± 0.01 mm. 
In order to assess SM properties sample preparation and geometrical considerations were 
accounted for. Once cut, samples were heated on a hot plate to 200 oC in order to remove thermal 
history and physical aging. Three dots were inscribed along the length/thickness sides of the 
rectangular films, Scheme 3-1 [A], which were referenced as A, B and C for the point closest to 
the tip, central and furthest from the tip. The permanent shape was characterized by two 
segment- or arch- lengths, Sa and Sc, using the inscribed points. Images of the samples in their 
permanent flat shape, to record the positions of the points, were processed using Image J (version 
1.46r, http://imagej.nih.gov/ij). Prior to deformation, the films were nearly flat and resultant 
positions were substituted into the distance formula, thereby producing Sa and Sc. Additionally, 
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the three marked points formed an angle, β, which was extrapolated using the above stated 
method and the law of cosines: 
𝛽 = cos−1 (
𝑎2−𝑏2+𝑐2
2𝑎𝑐
)  
where a, b, and c represent the relative distance between points 𝐵𝐶, 𝐴𝐶 and 𝐴𝐵, respectively. 
Sides a and c should not be confused with Sa and Sc as these values would only be equal when β 
is precisely 180o. Angles greater than 180o were similarly calculated; using 360o minus the right 
hand side of Equation 3-1. This method was used to calculate all angles measured, omitting the 
angle measured during constraint, βo; addressed below. In order to gather time dependent angles, 
β(t), which were captured via video, the program Tracker© (v 4.82, 
www.cabrillo.edu/~dbrown/tracker) was employed, rather than Image J, to record the marked 
positions as a function of time. These data were then transformed using the distance formula and 
Equation 3-1 to produce the β(t) (which was later used to measure temporal recovery). 
All samples were subjected to the fixing procedure, outlined below, as each sample 
underwent four complete SM cycles, differing only with respect to the recovery temperature, Tr. 
Specifically, Tr was successively stepped up with respect to cycle number, n, such that Tr was a 
function of n, Tr(n), for: Tr(1) = 45 
oC, Tr(2) = 50 
oC , Tr(3) = 55 
oC and Tr(4) = 60 
oC. Prior to 
each cycle, samples were heated to 200 oC on a hot plate to remove thermal history and physical 
aging. Samples were then placed on an 80 oC piece of rubber as an 80 oC stainless steel 
cylindrical pipe (henceforth, annulus) was placed spanwise atop the samples, shown in Scheme 
3-1. The heated rubber was then lifted to conform the samples to the annulus, clamped in place 
and heated in an isothermal oven, preheated to 80 oC, for 10 min (Scheme 3-1 [B]). Scheme 3-2 
(3-1) 
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was provided as a visual aid for clarification of all β measurements. The minimum angle formed 
by the markings during loading, βo, was calculated by: 
𝛽o = 90 (2 −
𝑆a+𝑆c
𝜋𝑟
) 
where r represents the outer annulus radius, 1.67 cm. Equation 3-2 merely assumed Sa and Sc 
were fully constrained to the annulus. The greatest compressive/tensile strains, ϵMax, incurred by 
the samples took place at this point (fully constrained to the annulus) and are reported in Table 
3-1. While the samples were fully constrained to the cylindrical pipe at 80 oC, the entire 
apparatus was submersed in a water bath, at ~21 oC, while copious amounts of water were 
continuously circulated through the annulus for 10 min. Once below Tg, samples were 
unclamped and the excess water was removed. At this point the unconstrained samples had been  
fixed to a bent/curved temporary geometry, availing the resultant fixed angles, βF, depicted in 
Scheme 3-1 [C] & [D]. 
An isothermal water bath, with a flat view window, was prepared and maintained a 
tranquil nature by circulating heated water through a coil of tubing using a temperature controller 
(Brookfield TC-102), as depicted in Scheme 3-3. After the water bath had been isothermal for 1 
h, the video and stopwatch were started. A fixed sample was clamped to a hinged lid and 
submerged in the water bath for shape recovery. Values of β(t) during each recovery were 
captured using Tracker© and Equation 3-1, as described above. The experimental time was 
recorded as the sample first touched water until changes in were exiguous. 
Data required normalization as they were otherwise incomparable. In an effort to 
normalize these data collected during shape recovery, β(t), the percent recovery, R(t), for each 
data set was calculated according to:  
(3-2) 
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𝑅(𝑡) = (
𝛽(𝑡)−𝛽i
𝛽∞,x−𝛽i
) × 100%  
where βi and β,x represent the minimum and maximum angle captured during recovery (Scheme 
3-2). Using this method, the data were constrained between 0 and 100% for all samples tested, 
and thus normalized for comparison. 
3.3.4. Dynamic SM Cycling: Torsional Deformation 
Dynamic SM cycling was performed in order to obtain temperature dependent SM 
recovery response along with fixing and recovery ratios. Torsional SM was performed using an 
AR-G2 rheometer (TA Instruments) provided by Syracuse University for: EP(S2), C(0,p-S3), 
C(24,p-S1) and C(24,ox-S1). The AR-G2 allowed for precise measurements of the radial 
displacement, θ, externally applied torque, Τa, and temperature. The latter was controlled with an 
environmental testing chamber equipped with a convective/radiative oven for heating and liquid 
nitrogen for cooling. Samples were cut with a goose neck punch (Scheme 3-4 [A]) preheated to 
55 oC, which resulted in typical sample geometries of ~40 x 2.96 x 0.25 mm (Scheme 3-4 [B]). 
Sample preparation and experimental setup were considered prior to running samples 
through three successive SM cycles. All samples were heated on a hot plate at 200 oC to remove 
thermal history and physical aging. The custom clamps were installed on the AR-G2 such that 
the lower clamp was immobile and the upper clamp was attached to a torsionally governed 
spindle on a magnetic bearing. The gap between the upper and lower clamps and tensile normal 
force, NF, were set to zero. Samples were mounted such that a length of sample, 25.00 mm, 
spanned the gap between the two clamps (Scheme 3-4 [C]). The rheometer’s active force control 
allowed a constant tensile NF of 0.2 + 0.1 N to be maintained through the duration of all SM 
cycles. 
(3-3) 
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A four step SM procedure was repeated for three successive cycles, although equipment 
malfunctions prevented C(0,p-S3) and C(24,ox-S1) from completing the third cycle, each 
consisting of the following four steps: loading, fixing, unloading and recovery. A graphical 
representation of one SM cycle, Figure 3-9, was labeled with critical values for clarity. Prior to 
the first cycle, samples were equilibrated above Tg, to 67 
oC, and held isothermally, for 15 min, 
in the absence of torsional load, Τa = 0 μN-m. The initial radial displacement (θP) was measured 
as an average of data collected during this isothermal hold and was considered the permanent 
shape, where θP = 0o. Each cycle began with torsional loading (Figure 3-9 [Step 1]), at 67 oC 
with a 1 μN-m/min loading rate, until a final radial displacement (θL) of 30° was achieved. An 
isothermal hold for 5 min immediately followed loading, where the average values of θ and Τa 
were reported as θL and Τa,L. Fixing (Figure 3-9 [Step 2]) took place under Τa,L in which samples 
were cooled from 67 to 27 oC, below Tg, at 2 
oC/min, where they were held isothermally for 5 
min. The average value of θ during this isothermal hold was reported as θI. Samples were 
successively unloaded (Figure 3-9 [Step 3]) by relieving the Τa from Τa,L to 0 μN-m with a 1 
μN-m/min unloading rate. Fixed radial displacement, θF, was taken as an average of data 
collected during a 27 oC isothermal hold for 5 min which immediately followed unloading. 
Recovery (Figure 3-9 [Step 4]) took place while Τa = 0 μN-m, as samples were heated from 27 
to 67 oC at 2 oC/min. Recovered radial displacement, θR, was taken as an average for data 
collected during a 67 oC isothermal hold for 15 min, which immediately followed recovery and 
completed the cycle.  
The stress in a rectangular beam under a torsional load, Τa, of a given cross section can be 
characterized by the maximum unit shear stress, τmax. τmax typically occurs on the perimeter of the 
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cross section nearest the axis of rotation, i.e. the midpoint of the samples width. The τmax required 
to achieve θL, τmax,L, was calculated: 
𝜏𝑚𝑎𝑥,𝐿 =
3𝑇𝑎,𝐿
8𝑤𝑑2
[1 + C1 (
𝑑
𝑤
) + C2 (
𝑑
𝑤
)
2
− C3 (
𝑑
𝑤
)
3
+ C4 (
𝑑
𝑤
)
4
]  
 where 2w, 2d, and C1, C2, C3 and C4 represent the sample width, sample thickness, and four 
dimensionless constants (C1 = 0.6095, C2 = 0.8865, C3 = 1.8023 and C4 = 0.9100), 
respectively.18 The shear modulus, G, was calculated at θL by: 
𝐺 =
𝑇𝑎,𝐿 × 𝑆𝐿
𝜃𝐿 ×𝐾
  
 where SL and K represent the sample length and a geometry factor (K = wd
2[16/3-3.36(d/w)(1-
(d/w)4/12)]), respectively.18 
For convenient data comparison, θ and Τa were normalized with their respective 
constituents, θL and Τa,L, to the create time-dependent-dimensionless variables for radial 
displacement, Θ, and applied torque, Τa,N, Equation 3-6 (plotted in Figure 3-10). The 
temperature dependent derivative of θ, dθ/dT, was taken for all samples during recovery 
(Figure 3-9 [A-Step4]) using the central difference formula and plotted in Figure 3-11 [B] & 
[C]. The fixing and recovery ratios, RF (n) and RR (n), of samples for each recorded cycle 
(where n = cycle number 1, 2 or 3, and θR (0) = 0) were calculated using Equation 3-7 & 3-
8, respectively. 
𝛩 =
𝜃
𝜃𝐿
 
𝑇a,N =
𝑇a
𝑇a,L
  
(3-4) 
(3-5) 
(3-6) 
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𝑅𝐹(𝑛) =
𝜃𝐹(𝑛)−𝜃𝑅(𝑛−1)
𝜃𝐿(𝑛)−𝜃𝑅(𝑛−1)
× 100% 
𝑅𝑅(𝑛) =
𝜃𝐹(𝑛)−𝜃𝑅(𝑛)
𝜃𝐹(𝑛)−𝜃𝑅(𝑛−1)
× 100% 
3.4. Results and Discussion 
3.4.1. Thermal Transitions and Mechanical Behavior 
The thermal transitions and mechanical behavior were assessed using DSC and DMA for 
EP, C(0,p), C(24,p), C(48,p), C(72,p), C(24,ox) and C(24,sil). Samples for DMA and DSC were 
taken from three films of each material which were all independently synthesized and unused in 
any other experiments (although other samples taken from the same films were used in SM 
testing). DSC was utilized in order to obtain Tg, ΔCp and Cp at select temperatures, whereas 
DMA was utilized in order to obtain temperature dependent profiles of E”, E’, and tan(δ) each 
associated with a unique Tg, corresponding to Tg
E”, Tg
E’, and Tg
δ, respectively. 
DSC proved the Tg of EP and composite samples to be reproducible, yet ineffective for 
measuring the fiber content in composite samples. Representative DSC thermograms for the 2nd 
heating of each material were reported in Figure 3-1. During the 2nd heating of any given 
sample, the endothermic step in Cp (near 50 
oC) was indicative of the Tg; characterized with an 
associated ΔCp (Table 3-2). Specifically, Tg and ΔCp required a temperature range for analysis; 
in order to encompass the entire second-order-transition: this was measured between 20 and 80 
oC, for all samples. ΔCp was determined from Cp values at the temperatures which deviated from 
the linear behavior – observed at the 20 and 80 oC. CNF webs were not tested, however we 
presumed that the change in Cp – of the CNFs about the epoxy Tg – was negligible compared to 
the step created by the epoxy matrix. Under this assumption, the ΔCp shown by composite 
(3-7) 
(3-8) 
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samples, ΔCp(composite), would be associated solely with the mass of epoxy matrix and the 
deficit (by comparison to ΔCp of EP) would be attributed to the mass of the CNFs. The percent 
fiber content would then be calculated by: 100 x (ΔCp(EP) - ΔCp(composite)) / ΔCp(EP). This 
method proved ineffective, highlighted by the case of EP(S2) and C(24,p-S1) which would 
render the composite to have 0% fiber content, where φSyn = 6.8%. We speculate that 
measurement accuracy of ΔCp was the primary cause for fluctuations in measured fiber content; 
however, the assumption of a negligible ΔCp of the CNFs may be a contributor. The 
accuracy/precision of ΔCp may be improved by using a larger sample mass and/or more stringent 
control of the environmental conditions prior to testing; the latter was discussed below. We 
conclude from these results that consistency in DSC measurement protocol allowed for 
reproducible Tg values. Additionally, ΔCp values did not prove accurate enough to allow for 
reproducible fiber content measurement; however, appropriate measures were addressed to 
alleviate this issue in future studies. 
DSC proved cure was complete for all materials tested based on the absence of residual 
cure exotherms, although endothermic peaks were revealed. The 1st heating of samples showed 
two endothermic peaks – which were not present in the 2nd heating – and no exotherms, Figure 
3-2. The lack of exotherms assured complete cure of the epoxy during synthesis. The 1st heating 
of samples is not typically shown as thermal history, physical aging and strain energy release 
(from sample preparation) have a tendency to influence the thermograms. Odegard and 
Bandyopadhyay19 showed that annealing polymers at or below Tg will lead to physical aging, 
which can cause changes in thermal, mechanical and physical properties of polymers. 
Furthermore, the results from said study, suggest that the low temperature endothermic peak can 
be associated with physical aging. We suspect that the high temperature endothermic peak (~100 
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oC) was caused by the evaporation of moisture absorbed by the films. If moisture was expelled 
during the DSC runs, differences in the mass loss would have contributed to the error in ΔCp. 
Epoxies are notorious for moisture absorption, where we recall the 1-2% mass loss up to 200 oC 
(Section 2.5.6) of the EP and composite samples which was attributed to moisture removal. The 
area between the 1st and 2nd heating for the physical aging peaks was invariant to material, 
although the area under the peaks associated with moisture removal were greater in composite 
samples when contrasted with EP samples, Appendix 2. This result suggests composite samples 
allowed for greater moisture absorption than neat epoxy, although concerns of reproducibility 
caused ambiguity. The time, temperature and environmental conditions at which samples were 
maintained prior to the DSC runs was not held constant; we believe these factors rendered the 
results from 1st heating of materials irreproducible. We conclude from these results that EP and 
composite samples alike, were completely cured during synthesis; however, physical aging and 
moisture uptake were present in the EP and composites. These results warrant a pre-heating of 
samples prior to testing in the current study and require further investigation in future studies. 
DMA revealed that incorporating the CNF webs in the epoxy matrix increased E’ over 
neat epoxy. Representative DMA results in Figure 3-3 show the slight increase in E’ below Tg of 
the composites over the EP, where dramatic increase in E’ was observed for the composites 
above Tg. This phenomena agrees with the results from a previous study conducted by Luo and 
Mather.20 Contrary to the results of Jang et al.21, the incorporation of CNFs to the epoxy matrix 
decreased the E” below Tg and increased the E” above Tg. These results were accentuated by the 
tremendous decrease in tan(δ), of the composites over the EP. Further, the differences in tan(δ) 
magnitude provided difficulty in analyzing of the shape of tan(δ). This was causality to 
normalize tan(δ) to its maximum value, “Norm. tan(δ)”, as seen in Figure 3-4. C(0,p-S3) 
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appeared to have two loss tangent peaks, the higher temperature shoulder being attributed to an 
interphase – however this was irreproducible, Appendix 3. We can, however, conclude that the 
C(24,ox) samples were the most reproducible samples tested, with respect to tan(δ) and showed 
a much broader peak than any other materials. The sharp tan(δ) peaks observed in other samples 
were in attribute to the E” behavior. Since the CNF webs contribute very little to E”, we suspect 
that the interphase created by the chemical oxidation of the CNFs was the primary contributor to 
this result. The data show the consistency of the Tg
δ, Table 3-3, as the addition of CNF webs did 
not significantly change Tg
δ over that of the EP. The drop in E’ through Tg remains the most 
pertinent result from DMA, as this allows for the SM properties. The EP E’ dropped from 2545 ± 
168 to 3.0 ± 0.2 MPa between 25 to 85 oC, while cumulatively, the composites E’ dropped from 
3210 ± 442 to 248 ±107 MPa, with an average φSyn of 6.9 ± 1.1%, for the same temperature 
range, Table 3-4. We conclude from these results that the composites had a significantly higher 
E’ over EP, where the E’ below Tg was ~25% greater and the E’ above Tg was ~80 times greater 
for composites when neglecting CNF web type. This result proves these composites suitable for 
SM applications which require a large recovery stress. 
3.4.2. Isothermal SM Recovery Near Tg 
All materials tested proved to require two characteristic time constants, where the 
composites showed much faster recovery kinetics than EP. Samples were conformed to an 
annulus for fixing, and the recovery was tracked upon submersion in an isothermal water bath. In 
order to further understand the SM behavior, data from the percent recovery as a function of 
time, R(t), were fit to models. Past studies suggested using either a standard sigmoidal model, 
noted as “SS” or RSS,
5 or a standard linear model, noted as “SL” or RSL adapted from Solecki and 
Conant15: 
 
89 
 
𝑅SS(𝑡) =
𝑅∞
(1+𝑒−(𝑡−𝑡1) 𝜏⁄ )
  
𝑅SL(∆𝑡) = [𝛽∞,m (1 − 𝐶𝑒
−(∆𝑡)
𝜏 ) 𝐻(∆𝑡) − 𝛽i]
100
(𝛽∞,x−𝛽i)
  
where t, R, t1, τ, β,m, C, Δt and H(Δt) represent time, recovery percent as t → , time of 
greatest recovery rate, a characteristic time constant, β as t → , a dimensionless constant, t – to 
and Heaviside’s function, respectively. The final recovery as t → , R, can be calculated using 
Equation 3-3 where β(t) was replaced with β,m. Here “m” signifies that β was determined by 
fitting a model to the data therein correcting error associated with measurement and the finite 
time scale of experimentation. The experimental time, t = 0, began once the sample first touched 
the water, although recovery did not always instantaneously initiate at t = 0. The SL model 
utilizes H(Δt) as a primitive method of compensating for thermal induction by retarding the 
model. Here H(Δt) is simply a unit step function equal to zero for t – to < 0 and one for t – to > 0, 
where to was used as a fitting parameter. Neither of these models were able to fit data in a 
satisfactory manner, as shown in Figure 3-5 [A]. The coefficient of determination, R2, availed 
that SS and SL models were ineffective for predicting behaviors of samples near Tg, although as 
the recovery temperature, Tr, surpasses Tg, R
2 values were indicative of a better fit. We deduced 
that isothermal SM recovery with Tr near or below Tg requires a second time constant as the SS 
and SL models were incapable of predicting the material behavior. 
As Tr was near Tg for the experimental data in the current study, an alternative model was 
developed. In order to better predict the behavior of data at small and large t, a third model for 
R(t), noted as “DT” or RDT (for the duality of time constants), was employed according to: 
(3-9) 
(3-10) 
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𝑅DT(∆𝑡) = [𝛽∞,m (1 − 𝐶1𝑒
−(∆𝑡)
𝜏1 − 𝐶2𝑒
−(∆𝑡)
𝜏2 ) 𝐻(∆𝑡) − 𝛽i]
100
(𝛽∞,x−𝛽i)
 
where τ1, τ2, C1 and C2 represent two characteristic time constants and two dimensionless 
constants, respectively. Here τ1 and τ2 prove similar to τ from the SL model, although the 
combination of two time constants describe early and late SM behavior (i.e. τ1 < τ2). Since 
Equation 3-11 is merely an addition of two SL models, RDT(Δt) can be algebraically 
deconvoluted into two constituents, of the form RDT(Δt) = Rτ1(Δt) + Rτ2(Δt) (Figure 3-5 [B]), for: 
𝑅τ1(∆𝑡) = [𝛽∞,m (1 − 𝐶1𝑒
−(∆𝑡)
𝜏1 − 𝐶2) 𝐻(∆𝑡) − 𝛽i]
100
(𝛽∞,x−𝛽i)
 
𝑅τ2(∆𝑡) = [𝛽∞,m (1 − 𝐶1 − 𝐶2𝑒
−(∆𝑡)
𝜏2 ) 𝐻(∆𝑡) − 𝛽i]
100
(𝛽∞,x − 𝛽i)
 
where Rτ1(Δt) and Rτ2(Δt) represent the recovery due to the an initial SM response (from βi to βi 
+ β,mC1) and the recovery due to a secondary SM response (from βi + β,mC1 to β,m). Here C1 
and C2 governed the relative magnitudes of the two SM behaviors, where C1/(C1+C2) describes 
the dependency of RDT on Rτ1 with a maximum value of 1. The experimental time for each 
sample to achieve 50 and 90% recovery, t50 and t90, were calculated from the DT model, 
Equation 3-11, since it most accurately predicts the materials response. 
The need for two time constants to describe the material behavior was caused by a duality 
of recovery rates. Causes for the requirement of two time constants, τ, include two probable 
cases: 1) a thermal induction τ coupled with a bulk strain relief τ; or 2) a tensile strain relief τ 
coupled with a compressive strain relief τ. Figure 3-6 provides insight, where R2 values for the 
SS and SL models (with only one time constant) approached that of the DT model as Tr 
increases. This suggests that the need for a second τ decreases with increasing Tr. Moreover, this 
(3-11) 
(3-13) 
(3-12) 
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implicates case 1 as cause for the duality of time constants, since thermal induction time would 
be of lesser significance at greater Tr. Contrary to case 1, composite samples show a greater need 
for the second τ, yet they possess a greater thermal conductivity – in attribute to the CNFs. The 
driving mechanism for case 2 stems from fiber reinforcement, which has been proven less 
effective in compression – contrasted with tension – due fiber buckling.22 Since the CNF webs 
drive the recovery tensile strain relief would likely be faster than that of the compressive strain 
relief in the composites. The decreased need for a second τ with greater Tr in case 2 would then 
be associated with thermal expansion. Considering the volume expansion as the epoxy matrix 
transitions through Tg, the volume fraction of composite/fiber material in compression should 
become reduced at greater Tr. This could lead to more homogeneous recovery as the volume 
fraction of tensile strain relief would be greater than the volume fraction of compressive strain 
relief and more so with increasing Tr. We speculate that the need for two τ was caused by the 
tensile strain relief being faster than that of the compressive strain relief, although the true cause 
remains unknown. 
The recovery speed of EP samples was enhanced with the incorporation of all CNF webs 
types, where the C(24,ox) samples recovered fastest. For Tr (45 
oC), nearly all composite 
recovery times to 50%, t50, were ~three times faster than EP samples with the exception being 
C(24,ox) which reached t50 over eight times faster (Table 3-5 and Figure 3-7). As Tr was 
increased these improvements diminished, although composites still reached t50 ~twice as fast as 
EP samples. The composites reached 90% recovery, t90, faster than EP, while the improvements 
were not as substantial (Figure 3-8). The increased recovery speed should be attributed to the 
CNF webs, which increased the thermal conductivity and E’. The fibrous webs exhibit a 
reinforcing spring-like behavior likely causing the dramatic increase in initial recovery speeds. 
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The reduced improvements from t50 to t90 can be explained by this spring-like behavior and the 
different magnitudes of strain at these time points. There would be greater strain in the CNF 
webs at t50 than would exist at t90. Using Hooke’s Law (F = kx; where F, k and x represents the 
force exerted by the spring, a spring constant and displacement) a greater strain in the CNF web 
would lead to a greater force acting on the epoxy matrix and driving in the direction of recovery. 
Therefore, the CNF webs likely induced greater recovery forces causing faster recovery speeds 
for the initial recovery, in comparison to the terminal recovery event. We speculate that C(24,ox) 
showed increased recovery speeds due to an enhanced load transfer, which we attribute to 
interfacial bonding, therein reducing any fiber-matrix slippage. Furthermore, C(24,sil) did not 
show notable improvements to the recover speed – compared to C(24,p) – suggesting that 
silanization may have hindered the fiber-matrix interface of the C(24,ox). We conclude from 
these results that incorporating CNF webs into the epoxy matrix increased the recovery speed 
over EP samples, where C(24,ox) samples recovered the fastest in all cases. 
3.4.3. Dynamic SM Cycling 
Dynamic SM cycling under torsional deformation availed evidence suggesting the 
incorporation of fibrous webs and their treatments were beneficial to the torsional recovery 
stress, while not parasitic to the fixing ratio, RF, and recovery ratio, RR. During cooling, only the 
EP sample relieved part of the strain induced during loading, where composites either increased 
in strain or remained at a constant strain. This strain relief during cooling – of EP – was due to 
the dramatic increase in E’, prior to the solidification of epoxy, Figure 3-10 [Step 2]. Although 
E’ of the composites also increased upon cooling (yet less dramatic than EP), a much larger Ta 
forced the material to remain near the loading strain during cooling. Upon relieving Ta, Figure 3-
10 [Step 3], the spring-like nature of the CNF webs in the composites exerted a radial torque in a 
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manner which relieved a greater amount of strain in the composites than was observed in EP. The 
aforementioned procedures proved the composite to have an RF comparable to EP samples. We 
observed that the increased strain relief upon unloading (θI -  θF) and the increased shear 
modulus at θL, “G”, – for C(0,p) < C(24,p) < C(24,ox) – provided evidence that the C(24,ox) 
were best suited for high torsional stress recovery applications. Incorporating CNF(0,p), 
CNF(24,p) and CNF(24,ox) an epoxy matrix caused G to increase by ~280, 590 and 730%, 
respectively, over EP (Table 3-6). We deduce from these results that the incorporation of CNFs, 
solvent welding, and chemical oxidation of CNF webs were each independently beneficial to the 
torsional recovery stress of the composites, while RF and RR remained unimpeded – contrasted 
with EP. This proves the C(24,ox) to be the most suitable for high torsional stress SM recovery 
applications. 
The onset of SM recovery appeared earlier (at low temperature) in C(24,ox-S1) – 
compared to EP, C(0,p-S3) and C(24,p-S1) – while maintaining the recovery ratios, RR, observed 
in EP(S2). All materials tested proved to have high fixing ratios, RF, and recovery ratios, RR, 
where the RR of EP(S2) was nearly 100%, as reported in Table 3-6. In contrast with EP(S2), 
C(0,p-S3) showed a slight reduction in RR, yet an increase in RF. The reduction in RR was 
unobserved in C(24,p-S1) and C(24,ox-S1) and we therefore reason to be associated with CNF 
slippage. Welding the CNF webs may have assisted in reducing CNF slippage by pinning the 
epoxy matrix between fiber junctions/bundles, therein assisting in load transfer. All composites 
initiated recovery at lower temperature than EP(S2), indicating that the CNF webs increased the 
recovery stress, regardless of CNF type Figure 3-11 [B] & [C]. Figure 3-11 [A] proved C(0,p) 
and C(24,p) to be parasitic to the terminal recovery, above Tg, whereas C(24,ox) was not. We 
speculate that a minimal amount of plastic deformation in the form of fiber breakage or buckling 
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was incurred during the loading of C(0,p) and C(24,p). As the composites transition through Tg, 
the matrix swells due to thermal expansion, and the damaged fibers hinder the terminal recovery. 
C(24,ox) was the only material to mimic the terminal behavior of EP. We attribute the replication 
of terminal SM recovery to the C(24,ox) interface, owning superior load transfer. Further, we 
conclude from these results that C(24,ox) was the only composite which did not hinder the 
terminal recovery, in contrast with EP, although all composites expedited the initial recovery. 
CNF(24,ox) have proven to be the most amenable filler for complete SM recovery without 
obstructing the terminal recovery observed in the EP. 
3.5. Conclusions 
The composites showed drastic improvements in mechanical and SM properties by 
comparison to EP. E’ of composites was increased over EP by ~25% while below Tg and an 
astonishing ~80 time higher, while above Tg, and therefore stimulating a high-stress recovery. E’ 
was decreased by fiber welding and silanization; however, E’ was increased by chemical 
oxidation. Kinetic SM recovery behavior of the composites and EP, near Tg, demanded a unique 
modeling approach giving cause for further investigation. The spring-like recovery behavior of 
CNF webs was revealed as the improvements in composite recovery speed – contrasted with EP 
– were greatest at large displacements. All composites types increased the recover speed over EP; 
however, fiber processing effected the extent of improvement. The composite recovery speed 
was reduced independently by tweld and silanization, yet markedly enhanced by chemical 
oxidation. C(0,p), C(24,p) and C(24,ox) maintained RF and RR comparable to EP and further 
proved tweld and chemical oxidation to increase G. This investigation provided insight into the 
effects of fiber processing on SM performance. These improvements proved the composites 
desirable for electroactive SM applications, requiring high-speed and/or high-stress recovery. 
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More specifically, the testing methods demonstrated in this chapter prove C(24,ox) advantageous 
for torsional actuators and/or deployable devices. 
  
 
96 
 
3.6. References 
1. I. A. Rousseau. Challenges of Shape Memory Polymers: A Review of the Progress 
Toward Overcoming SMP's Limitations. Polymer Engineering and Science, 2008, 48, 
2075-2089. 
2. I. A. Rousseau and T. Xie. Shape Memory Epoxy: Composition, Structure, Properties 
and Shape Memory Performances. Journal of Materials Chemistry, 2010, 20, 3431-3441. 
3. P. T. Mather, X. F. Luo and I. A. Rousseau. Shape Memory Polymer Research. Annual 
Review of Materials Research, Annual Reviews, Palo Alto, 2009, pp. 445-471. 
4. J. S. Leng, X. Lan, Y. J. Liu and S. Y. Du. Shape-Memory Polymers and Their 
Composites: Stimulus Methods and Applications. Progress in Materials Science, 2011, 
56, 1077-1135. 
5. X. Luo, in Biomedical and Chemical Engineering. Thermally Responsive Polymer 
Systems for Self-healing, Reversible Adhesion and Shape Memory Applications. Syracuse 
University, ProQuest, 2010, p. 419. 
6. K. A. Burke and P. T. Mather, Evolution of Microstructure during Shape Memory 
Cycling of a Main-Chain Liquid Crystalline Elastomer. Polymer, 2013, 54, 2808-2820. 
7. T. Chung, A. Rorno-Uribe and P. T. Mather. Two-Way Reversible Shape Memory in a 
Semicrystalline Network. Macromolecules, 2008, 41, 184-192. 
8. H. F. Tan, T. Zhou, Y. Y. Liu and L. Lan, in 3rd International Conference on Smart 
Materials and Nanotechnology in Engineering. Isothermal Recovery Response and 
 
97 
 
Constitutive Model of Thermoset Shape Memory Polymers. SPIE-International Society of 
Optical Engineering, Shenzhen, Peoples R China, 2011. 
9. S. Pandini, F. Bignotti, F. Baldi and S. Passera. Network Architecture and Shape Memory 
Behavior of Cold-Worked Epoxies. Journal of Intelligent Material Systems and 
Structures, 2013, 24, 1583-1597. 
10. J. Diani, C. Fredy, P. Gilormini, Y. Merckel, G. Regnier and I. Rousseau. A Torsion Test 
for the Study of the Large Deformation Recovery of Shape Memory Polymers. Polymer 
Testing, 2011, 30, 335-341. 
11. J. Diani, P. Gilormini, C. Fredy and I. Rousseau. Predicting Thermal Shape Memory of 
Crosslinked Polymer Networks from Linear Viscoelasticity. International Journal of 
Solids and Structures, 2012, 49, 793-799. 
12. M. Fejos, G. Romhany and J. Karger-Kocsis. Shape Memory Characteristics of Woven 
Glass Fibre Fabric Reinforced Epoxy Composite in Flexure. Journal of Reinforced 
Plastics and Composites, 2012, 31, 1532-1537. 
13. A. Todoroki, K. Kumagai and R. Matsuzaki. Self-deployable Space Structure using 
Partially Flexible CFRP with SMA Wires. Journal of Intelligent Material Systems and 
Structures, 2009, 20, 1415-1424. 
14. M. Heuchel, T. Sauter, K. Kratz and A. Lendlein. Thermally Induced Shape-Memory 
Effects in Polymers: Quantification and Related Modeling Approaches. Journal of 
Polymer Science Part B-Polymer Physics, 2013, 51, 621-637. 
 
98 
 
15. R. Solecki and R. J. Conant. Advanced Mechanics of Materials, Oxford University Press, 
New York, 2003. 
16. M. Heuchel, J. Cui, K. Kratz, H. Kosmella and A. Lendlein. Relaxation Based Modeling 
of Tunable Shape Recovery Kinetics Observed Under Isothermal Conditions for 
Amorphous Shape-Memory Polymers. Polymer, 2010, 51, 6212-6218. 
17. H. Abdul Hamid, A. Shukri Yahaya, N. Azam Ramli and A. Zia Ul-Saufie. Finding the 
Best Statistical Distribution Model in PM10 Concentration Modeling by using Lognormal 
Distribution. Journal of Applied Sciences, 2013, 13, 7. 
18. W. C. Young and R. G. R. Budynas. Roark’s Formulas for Stress and Strain, McGraw-
Hill, New York, 2002. 
19. G. M. Odegard and A. Bandyopadhyay. Physical Aging of Epoxy Polymers and Their 
Composites. Journal of Polymer Science Part B-Polymer Physics, 2011, 49, 1695-1716. 
20. X. Luo and P. T. Mather. Preparation and Characterization of Shape Memory 
Elastomeric Composites. Soft Matter, 2010, 6, 4. 
21. J. S. Jang, J. Varischetti and J. Suhr. Strain Dependent Energy Dissipation in Multi-Scale 
Carbon Fiber Composites Containing Carbon Nanofibers. Carbon, 2012, 50, 4277-4283. 
22. J. D. H. Hughes. The Carbon-Fiber Epoxy Interface - A Review. Composites Science and 
Technology, 1991, 41, 13-45. 
  
 
99 
 
 
3.7. Tables, Figures and Schemes 
 
 
 
 
 
 
 
 
 
 
Scheme 3-1. Pictorial depiction of sample fixing prior, to isothermal SM recovery, for two sets 
of EP and composite samples. In (A), samples were presented in their permanent flat geometry, at 
which point they were heated above Tg and conformed to a cylindrical pipe, (B). During said 
constraint, samples were cooled below Tg and fixed into the temporary curved geometry pictured 
in (C) & (D).  
(A)
(B)
(C)
C(0,p)
EP
(D)
C(48,p)
C(24,sil)
C(24,p)
C(24,ox)
C(72,p)
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Scheme 3-2. Classifying the origin of angles, β, associated with isothermal SM recovery 
experiments. 
βo βF
Sa Sc
Cylinder
Unconstrained/ Fixed:
βF – measured from images
During Constraint:
βo - calculated from  Sa, Sc and radius, r
Permanent Shape:
Sa & Sc (segment lengths) - measured from images 
Cool & 
Unload
Heat & 
Load
r
Sa Sc
Sample
t = 0.2 s 15 s 30 s 120 s 180 s 224 s
Recovery:
β(t), βi & β,x – measured from video 
β(t), βi
β(t),
β,x
β(t)
β(t)β(t)
β(t)
Sample
Recover
Sample
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Table 3-1. Width, w, thickness, d, and maximum strain, ϵMax of samples used in isothermal SM 
recovery. ϵMax was calculated based on samples fully constrained to the cylinder. Here the neutral 
axis was assumed to be the plane of symmetry, resulting in the ϵMax of compression equal and 
opposite to the ϵMax of tension, while the strain along the neutral axis equal to zero. The mean, 
Mean, and standard deviation, σ, were reported for all samples tested (final rows). 
 
  
Material w (mm) d (mm) ϵ Max
C(0,p-S1) 2.62 0.25 0.0074
C(0,p-S2) 2.86 0.25 0.0074
C(0,p-S3) 3.14 0.24 0.0071
C(24,p-S1) 2.78 0.24 0.0071
C(24,p-S2) 2.83 0.23 0.0068
C(24,p-S3) 2.60 0.23 0.0068
C(48,p-S1) 2.76 0.24 0.0071
C(48,p-S2) 2.87 0.22 0.0066
C(48,p-S3) 2.88 0.25 0.0074
C(72,p-S1) 2.78 0.23 0.0068
C(72,p-S2) 2.77 0.23 0.0068
C(72,p-S3) 2.84 0.22 0.0066
C(24,ox-S1) 3.12 0.23 0.0068
C(24,ox-S2) 2.93 0.25 0.0074
C(24,ox-S3) 2.95 0.25 0.0074
C(24,sil-S1) 2.91 0.25 0.0074
C(24,sil-S2) 2.97 0.24 0.0071
C(24,sil-S3) 3.01 0.24 0.0071
Ep(S1) 2.74 0.24 0.0071
Ep(S2) 2.76 0.23 0.0068
Ep(S3) 2.46 0.22 0.0066
Mean 2.84 0.24 0.0071
σ 0.16 0.01 0.0003
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Scheme 3-3. Experimental setup used to collect video of isothermal SM recovery. In (A), the 
temperature control unit, TCU, circulated heated water through tubing in (B), the isothermal 
water bath. Once thermal stability of the water bath as achieved, fixed samples were clamped 
and submersed, while videos of the permanent shape recovery were captured. 
  
(A)
(B)
Isothermal water bath
TCU
Sample clamp affixed to 
hinged lid
Stopwatch in beaker
Hinged lid
Heated tubing from TCU
Thermocouple
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Scheme 3-4. Samples used in dynamic SM cycling, Section 3.3.4, were cut with a punch (A) to 
result in epoxy or composite films (B) with a rectangular cross section. An epoxy sample was 
mounted in the custom clamps, heated above Tg, loaded, fixed and unloaded. At this point the 
run was stopped and the environmental testing chamber was opened for imaging of a fixed 
sample (C).  
(A)
(B) (C)
Upper clamp fixture
Upper spindle
Lower clamp fixture
Immobile fixture
Torsionally fixed 
epoxy sample 
spanning clamp gap
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Figure 3-1. Representative DSC curves of the 2nd heating for: (i), EP(S1), (ii), C(0,p-S1), (iii), 
C(24,p-S1), (iv), C(48,p-S1), (v), C(72,p-S1), (vi), C(24,ox-S1), and (vii), C(24,sil-S1). The 
glass transition temperature, Tg, with associated change in specific heat, ΔCp, (from 20 to 80 
oC) 
and specific heat, Cp, values (reported in Table 3-2) were abstracted from these data and curves 
of the like. See Figure A2-1 & A2-2 for both 1st and 2nd heating of S2 and S3 of these sample 
types. 
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Figure 3-2. Representative DSC curves of the 1st, solid, and 2nd, dashed, heating for: (i), EP(S1), 
(ii), C(0,p-S1), (iii), C(24,p-S1), (iv), C(48,p-S1), (v), C(72,p-S1), (vi), C(24,ox-S1), and (vii), 
C(24,sil-S1). The 1st and 2nd peaks in the 1st heat should be associated with physical aging and 
possible moisture desorption, respectively. Uncontrolled thermal histories and environmental 
conditions lead to inconsistency in peak shapes, made explicit in Figure A2-3. 
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Table 3-2. Data from the 2nd heating of DSC, for samples used in SM experiments, including: 
Tg, ΔCp, and Cp at specified temperatures. 
 
Material φ
Syn
 (%) Tg (
o
C) ΔCp (J/g/
o
C)) 45
o
C 50
o
C 55
o
C 60
o
C
C(0,p-S1) 6.4% 49.8 0.499 1.62 1.83 2.06 2.09
C(0,p-S2) 6.5% 50.9 0.499 1.94 2.13 2.40 2.45
C(0,p-S3) 6.5% 51.0 0.473 1.71 1.89 2.18 2.21
Mean 6.4% 50.6 0.490 1.76 1.95 2.21 2.25
σ 0.1% 0.6 0.015 0.17 0.16 0.17 0.18
C(24,p-S1) 6.8% 50.1 0.505 1.65 1.85 2.10 2.13
C(24,p-S2) 7.0% 50.3 0.485 1.72 1.92 2.17 2.20
C(24,p-S3) 6.3% 50.5 0.481 1.51 1.70 1.96 1.99
Mean 6.7% 50.3 0.490 1.63 1.82 2.07 2.11
σ 0.4% 0.2 0.013 0.11 0.11 0.11 0.11
C(48,p-S1) 7.5% 50.7 0.477 1.49 1.67 1.94 1.97
C(48,p-S2) 8.0% 51.6 0.466 1.77 1.91 2.18 2.25
C(48,p-S3) 4.0% 50.3 0.490 1.73 1.93 2.18 2.21
Mean 6.5% 50.9 0.478 1.66 1.84 2.10 2.14
σ 2.2% 0.7 0.012 0.15 0.14 0.14 0.15
C(72,p-S1) 6.2% 50.9 0.479 1.58 1.74 2.01 2.06
C(72,p-S2) 6.8% 50.6 0.479 1.59 1.77 2.03 2.07
C(72,p-S3) 7.3% 50.8 0.488 1.81 1.99 2.25 2.30
Mean 6.8% 50.8 0.482 1.66 1.84 2.10 2.14
σ 0.5% 0.2 0.006 0.13 0.13 0.14 0.14
C(24,ox-S1) 8.4% 50.8 0.480 1.71 1.89 2.15 1.20
C(24,ox-S2) 9.0% 50.9 0.465 1.69 1.86 2.12 2.17
C(24,ox-S3) 8.6% 50.9 0.464 1.56 1.73 1.99 2.03
Mean 8.7% 50.9 0.470 1.65 1.82 2.09 1.80
σ 0.3% 0.0 0.009 0.08 0.09 0.08 0.52
C(24,sil-S1) 6.2% 50.8 0.483 1.81 1.98 2.25 2.30
C(24,sil-S2) 7.1% 50.3 0.480 1.46 1.65 1.89 1.93
C(24,sil-S3) 6.6% 50.4 0.499 1.86 2.06 2.32 2.35
Mean 6.6% 50.5 0.487 1.71 1.90 2.15 2.19
σ 0.5% 0.3 0.010 0.22 0.22 0.23 0.23
Ep(S1) - 50.6 0.514 1.88 2.08 2.36 2.40
Ep(S2) - 51.4 0.505 1.91 2.07 2.37 2.44
Ep(S3) - 50.5 0.505 1.84 2.04 2.31 2.35
Mean - 50.8 0.508 1.88 2.06 2.35 2.40
σ - 0.5 0.005 0.03 0.02 0.03 0.04
Cp (J/g/
o
C))
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Figure 3-3. Representative DMA data curves of (A), storage modulus-E’ and loss modulus-E”, 
and (B), loss tangent-tan(δ) for samples used in dynamic SM cycling: EP(S2)-black, C(0,p-S3)-
red, C(24,p-S1)-blue, and C(24,ox-S1)-green. Similar plots for all samples tested were reported 
in Appendix 3 (Figures A3-1 through A3-7). 
  
E
',
 E
"
 (
M
P
a
)
100
101
102
103
104
Temperature (
o
C)
0 10 20 30 40 50 60 70 80 90 100
ta
n
(
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
E'
E"
(A)
(B)
 
108 
 
 
Figure 3-4. Representative DMA curves of tan(δ) normalized to the maximum tan(δ) value, 
“Norm. tan(δ)”, for: EP(S2)-black, C(0,p,S3)-red, C(24,p,S1)-blue and C(24,ox,S1)-green. 
These Norm. tan(δ) plots allow for facile comparison of curve shape amongst samples. Similar 
plots for all samples tested were reported in Appendix 3 (Figures A3-8 through A3-14). 
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Table 3-3. DMA tan(δ) data at selected temperatures and the maximum value, “Max” (tan(δ) 
recorded at Tg
δ). 
 
Material 45
o
C 50
o
C 55
o
C 60
o
C Max
C(0,p-S1) 0.04 0.06 0.13 0.22 0.24
C(0,p-S2) 0.07 0.11 0.18 0.24 0.24
C(0,p-S3) 0.07 0.17 0.23 0.21 0.23
Mean 0.06 0.11 0.18 0.23 0.24
σ 0.02 0.06 0.05 0.01 0.00
C(24,p-S1) 0.07 0.12 0.23 0.38 0.44
C(24,p-S2) 0.06 0.13 0.25 0.36 0.37
C(24,p-S3) 0.06 0.16 0.30 0.36 0.36
Mean 0.06 0.14 0.26 0.37 0.39
σ 0.01 0.02 0.04 0.02 0.04
C(48,p-S1) 0.17 0.27 0.30 0.27 0.31
C(48,p-S2) 0.12 0.22 0.29 0.26 0.29
C(48,p-S3) 0.13 0.25 0.38 0.36 0.39
Mean 0.14 0.25 0.32 0.29 0.33
σ 0.03 0.02 0.05 0.05 0.05
C(72,p-S1) 0.19 0.29 0.32 0.25 0.32
C(72,p-S2) 0.14 0.18 0.27 0.34 0.34
C(72,p-S3) 0.07 0.13 0.27 0.40 0.40
Mean 0.13 0.20 0.29 0.33 0.35
σ 0.06 0.08 0.03 0.07 0.04
C(24,ox-S1) 0.10 0.20 0.30 0.32 0.32
C(24,ox-S2) 0.08 0.17 0.29 0.36 0.36
C(24,ox-S3) 0.11 0.21 0.28 0.31 0.31
Mean 0.10 0.20 0.29 0.33 0.33
σ 0.02 0.02 0.01 0.03 0.03
C(24,sil-S1) 0.07 0.17 0.30 0.37 0.37
C(24,sil-S2) 0.17 0.28 0.36 0.32 0.37
C(24,sil-S3) 0.19 0.32 0.38 0.29 0.38
Mean 0.14 0.26 0.35 0.33 0.38
σ 0.06 0.08 0.04 0.04 0.01
Ep(S1) 0.10 0.16 0.37 0.92 1.40
Ep(S2) 0.23 0.50 0.99 1.28 1.33
Ep(S3) 0.16 0.33 0.81 1.37 1.39
Mean 0.16 0.33 0.72 1.19 1.37
σ 0.06 0.17 0.32 0.23 0.04
tan(δ)
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Table 3-4. E” from DMA at selected temperatures. The Tg values from the tan(δ) peak, Tg
δ, were 
reported (additional Tg values can be found in Appendix A3 (Table A3-1)). 
 
Material Tg
δ
 (
o
C) 25
o
C 45
o
C 50
o
C 55
o
C 60
o
C 85
o
C
C(0,p-S1) 61.6 3280 3094 2961 2475 1579 293 0.089
C(0,p-S2) 59.8 3795 3381 2973 2293 1441 473 0.125
C(0,p-S3) 56.3 3688 3112 2173 1355 891 426 0.115
Mean 59.2 3588 3196 2702 2041 1304 397 0.110
σ 2.7 272 161 458 601 364 93 0.018
C(24,p-S1) 63.4 2968 2622 2287 1671 889 174 0.058
C(24,p-S2) 62.5 3251 2859 2320 1508 814 213 0.065
C(24,p-S3) 59.4 3560 3005 2187 1277 678 260 0.073
Mean 61.8 3260 2829 2265 1485 794 215 0.066
σ 2.1 296 193 69 198 107 43 0.007
C(48,p-S1) 55.5 2783 1904 1237 776 513 287 0.103
C(48,p-S2) 56.2 3888 2735 1822 1074 703 406 0.104
C(48,p-S3) 56.2 3260 2384 1637 854 461 166 0.051
Mean 56.0 3310 2341 1565 901 559 286 0.086
σ 0.4 554 417 299 155 127 120 0.031
C(72,p-S1) 54.4 3057 1758 1120 667 435 157 0.051
C(72,p-S2) 61.4 2662 2768 2355 1575 878 118 0.044
C(72,p-S3) 60.6 2195 1823 1509 1000 495 118 0.054
Mean 58.8 2638 2116 1661 1081 603 131 0.050
σ 3.8 432 565 631 459 240 23 0.005
C(24,ox-S1) 59.0 3619 2783 2061 1215 720 331 0.091
C(24,ox-S2) 61.4 3259 2616 2016 1259 688 234 0.072
C(24,ox-S3) 59.6 3454 2520 1781 1194 689 290 0.084
Mean 60.0 3444 2640 1953 1223 699 285 0.082
σ 1.3 180 133 150 33 18 48 0.010
C(24,sil-S1) 60.3 2648 2582 2105 1271 673 137 0.052
C(24,sil-S2) 55.9 3088 1988 1313 672 406 196 0.063
C(24,sil-S3) 55.1 3317 2007 1269 676 394 190 0.057
Mean 57.1 3018 2192 1562 873 491 174 0.058
σ 2.8 340 338 470 345 158 32 0.006
Ep(S1) 64.4 2738 2150 1744 1030 296 2.8 0.001
Ep(S2) 58.8 2438 1546 766 232 49 3.1 0.001
Ep(S3) 60.3 2458 1762 1137 397 80 3.2 0.001
Mean 61.2 2545 1819 1216 553 142 3.0 0.001
σ 2.9 168 306 494 421 135 0.2 0.000
E' (MPa) E'(85
o
C)/
E'(25
o
C)
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Figure 3-5. Representative quality of fit for the isothermal SM recovery curve of C(48,p-S2) at 
45 
o
C for: (A), data-symbols, DT model-black-solid, SS model-red-long-dash and SL model-
blue-short-dash. The DT model gave a better fit as it describes data at early times, DT(τ
1
), and 
retarded times, DT(τ
2
). Data were described with this model for: (B), data-symbols, DT model-
black-solid, DT(τ
1
)-green-solid and DT(τ
2
)-green-dash. Note: t
o
 = 0 for applicable models in this 
case. All data were fit to the SS, SL and DT models and were reported in Appendix A4. 
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Figure 3-6. Showing the coefficient of determination, R2, from model fitting as a function of 
temperature for isothermal SM recovery data. The mean and standard deviation of R2 were 
calculated at each temperature for: (A), EP and (B) composite samples. R2 values of SS-red-
square and SL-blue-triangle models avail temperature and material dependencies best described 
at lower temperatures by the DT-black-circle model. 
  
Temperature (
o
C)
45 50 55 60
R
2
0.80
0.85
0.90
0.95
1.00
R
2
0.80
0.85
0.90
0.95
1.00
(A)
(B)
 
113 
 
Table 3-5. Summary of parameters obtained from the DT model fit to isothermal SM bending 
recovery data including: parameters from Equation 3-11 and time to 50% recovery, “t50”, and 
90% recovery, “t90”. The mean and standard deviation were reported for three samples of each 
material for a given temperature (unless otherwise noteda). 
 
  
Material C 1/(C 1+C 2) τ 1 τ 2 t 50 t 90
0.71 ± 0.11 17.3   ± 4.3 145      ± 15 20.3   ± 8.7 156      ± 59
0.86 ± 0.09   2.8   ± 0.7   29.9   ± 10.3   3.0   ± 0.8   18.3   ± 14.1
0.86 ± 0.07   0.52 ± 0.17     4.71 ±   1.99   0.88 ± 0.17     3.16 ±   1.66
0.93 ± 0.05   0.12 ± 0.05     1.30 ±   0.58   0.38 ± 0.10     0.72 ±   0.31
0.52 ± 0.07 17.0   ± 1.5 273      ± 62 33.3   ± 4.5 435      ± 102
0.73 ± 0.11   3.4   ± 0.5   34.4   ±  2.7   4.2   ± 0.8   35.5   ± 12.9
0.82 ± 0.07   0.80 ± 0.23     4.46 ±   0.16   1.01 ± 0.15     3.66 ±   0.96
0.81 ± 0.14   0.19 ± 0.05     0.89 ±   0.04   0.44 ± 0.05     1.05 ±   0.39
0.62 ± 0.17 14.9   ± 5.9 160      ± 43 25.6   ± 14.0 258      ± 117
0.83 ± 0.06   3.2   ± 0.7   33.1   ±  2.9   3.4   ± 0.8   22.5   ±  8.3
0.86 ± 0.05   0.59 ± 0.12     5.51 ±   1.15   0.85 ± 0.15     3.33 ±   0.77
0.93 ± 0.00   0.24 ± 0.02     1.87 ±   0.37   0.48 ± 0.04     1.01 ±   0.07
0.66 ± 0.08 16.4   ± 2.1 157      ± 32 22.0   ± 6.5 206      ± 75
0.90 ± 0.06   3.4   ± 1.2   26.4   ±  9.4   3.3   ± 1.2   13.9   ±  8.3
0.90 ± 0.05   0.72 ± 0.13     4.88 ±   0.53   0.94 ± 0.08     2.81 ±   0.14
0.93 ± 0.03   0.25 ± 0.05     1.24 ±   0.32   0.49 ± 0.04     1.00 ±   0.10
0.69 ± 0.12 7.3   ± 0.8 110      ± 34 9.9   ± 3.3 136      ± 72
0.82 ± 0.01   2.2   ± 0.3   26.2   ±  3.6   2.5   ± 0.3   20.6   ±  3.8
0.83 ± 0.04   0.55 ± 0.02     5.73 ±   1.34   0.83 ± 0.05     4.46 ±   1.57
0.88 ± 0.07   0.17 ± 0.02     1.02 ±   0.30   0.34 ± 0.07     0.85 ±   0.21
0.59 ± 0.03 17.6   ± 1.7 193      ±   1.0 27.0   ± 2.7 285      ±   8.0
0.87 ± 0.02   3.0   ± 0.3   42.7   ± 10.6   3.2   ± 0.6   18.7   ±  4.6
0.87 ± 0.02   0.78 ± 0.08     7.41 ±   1.12   1.09 ± 0.08     3.63 ±   0.26
0.91 ± 0.06   0.20 ± 0.01     1.85 ±   0.26   0.47 ± 0.03     1.08 ±   0.20
0.44 ± 0.25 57.9   ± 1.3 248      ± 19 86.9   ± 31.0 424      ± 86
0.77 ± 0.15 10.6   ± 2.8   46.8   ± 16.1 10.4   ± 4.4   49.0   ± 25.4
0.90 ± 0.05   1.36 ± 0.20     6.95 ±   0.58   1.64 ± 0.16     4.85 ±   0.50
0.88 ± 0.07   0.37 ± 0.08     1.16 ±   0.12   0.63 ± 0.08     1.40 ±   0.30
Note: a
C(24,ox)
C(24,sil)
EP
55
60
45
a
55
50
a
45
a
50
C(0,p)
C(24,p)
C(48,p)
C(72,p)
45
55
50
45
55
50
45
T (
o
C)
Mean and standard deviation were calculated over two samples due to experimental 
errors
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60
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60
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Figure 3-7. Isothermal SM mean time to 50% recovery, t50 (calculated using the DT model) on a 
log scale verses inverse absolute temperature, 103/T. Mean t50 values were reported in order to 
show effects related to: (A),  tweld of the CNFs in composites (for: C(0,p)-red-triangle, C(24,p)-
black-square, C(48,p)-blue-circle and C(72,p)-green-diamond), and (B), functionalization of the 
CNFs in the composites (for: C(24,ox)-green-circle and C(24,sil)-blue-triangle, with reference 
C(24,p)-black-square). 103/Tg (in units 10
3/K) were calculated over all composite and epoxy 
samples where the mean ± one standard deviation were plotted (in blue as a vertical solid line 
and two vertical dashed lines, respectively). In (A) & (B), EP-red-X, was plotted for reference 
proving all composite types show a faster t50 at all temperatures tested. The C(24,ox) show much 
faster recovery than all other samples for T < Tg. 
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Figure 3-8. Isothermal SM mean time to 90% recovery, t90 (calculated using the DT model) on a 
log scale verses 103/T. Mean t90 values were reported in order to show effects related to: (A),  
tweld of the CNFs in composites (for: C(0,p)-red-triangle, C(24,p)-black-square, C(48,p)-blue-
circle and C(72,p)-green-diamond), and (B), functionalization of the CNFs in the composites 
(for: C(24,ox)-green-circle and C(24,sil)-blue-triangle, with reference C(24,p)-black-square). 
103/Tg (in units 10
3/K) were calculated over all composite and epoxy samples where the mean ± 
one standard deviation were plotted (in blue as a vertical solid line and two vertical dashed lines, 
respectively). In (A) & (B), EP-red-X, was plotted for reference proving all composite types 
show a faster t90 at all temperatures tested. The C(24,ox) show faster recovery than all other 
samples for T << Tg. 
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Figure 3-9. Torsional SM procedural overview for the first cycle of a representative sample, 
C(0,p-S3). A minimal tensile load was actively maintained while the rotational displacement, θ, 
applied torque, Ta, and temperature were recorded. Preceding the first cycle, samples were 
equilibrated to 67 oC resulting in θP (θP = θR (n=1)). Ta was then increased until reaching 30
o, 
(Step 1), or experimental value θL  corresponding to Ta,L. Ta,L was sustained during cooling to 27 
oC, (Step 2), resulting in θI.  The torsional force was then decreased from Ta,L to 0 μN-m, (Step 
3), resulting in θF. Finally, samples were recovered by heating to 67 
oC, (Step 4), resulting in θR 
and completing the first cycle. All values of θ were measured (as an average) during isothermal 
holds to improve accuracy. 
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Figure 3-10. Torsional SM curves for: (A), EP(S2), (B), C(0,p-S3), (C), C(24,p-S1), and (D), 
C(24,ox-S1). Normalization of displacement and torque, Equation 3-6, resulted in plotted 
variables Θ and Ta,N. The first cycles (black-solid) were accompanied by 2-D silhouettes (black-
dash) normal to the 3rd axis. The second, red-solid, and third, green-solid, cycles were added, 
where applicable, for visual reproducibility. 
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Figure 3-11. Torsional SM recovery response analysis for (A) (from Figure 3.9 & 3.10, [Step 
4]), representing the displacement, θ, profile in first cycle. θ and dθ/dT were reported for: (B), 
first cycle, and (C), second cycle (for: EP(S2)-red, C(0,p-S3)-blue, C(24,p-S1)-black, and 
C(24,ox-S1)-green). Spring-like CNFs increase the initial recovery response. 
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Chapter 4. Summary and Future Work 
4.1. Summary 
In the current study, reviews of electroactive SM composites, fillers and interfacial 
adhesion were highlighted to provide a foundation for the materials and analysis used in 
Chapter 2 – detailing the effects and analysis of fabrication methods concerning the fibrous 
webs and their role in the electroactive composites – and Chapter 3 – detailing the thermal, 
mechanical and SM performances of composites. The findings from the current study are 
summarized in this section, and were used in combination with the aforementioned reviews to 
provide a direction for future work. 
4.1.1. CNF Reinforced SM Epoxy Composites: Fabrication Methods and 
Analysis 
The morphology of e-PAN webs were tailored in order to increase the interconnectivity, 
therein facilitating thermal and electrical conductivity while further increasing the strength of the 
fibrous webs. The e-PAN webs were welded – using a heated solvent for various tweld – in an 
axial manner at the webs exterior and confirmed using SEM. Fiber welding on the interior of the 
webs was unconfirmed. The concentration of fibers involved in welding increased, qualitatively, 
with tweld. Fiber welding appeared to increase the fiber density, although no measurements were 
taken. 
Thermal treatments, encompassing stabilization and pyrolization, were used to produce 
CNF webs which were subsequently functionalized. Stabilization of e-PAN webs reduced the 
median df by ~5% and total mass by ~21%, and preserved the morphological architecture of the 
e-PAN(x) webs. Pyrolization of s-PAN(x) webs reduced the median df by ~28% and total mass 
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by ~53%. We note that the median df of the CNFs was suspected to be canard and further reason 
that true median df would be slightly lower than reported. Although pyrolization did not 
influence the morphological architecture of s-PAN(x), rare instances of subtle warping occurred 
during this process. Cumulatively, these procedures resulted in CNF webs with a median df and 
overall mass yield of ~155 nm and ~38 wt-%, respectively. Functionalization, including 
chemical oxidation and silanization, did not influence the macroscopic wed dimensions, median 
df nor the morphological architecture. Furthermore, tweld effected the CNF web morphology and 
f(df) while negligible effects were observed for the mean/median df. Based on these results, the 
general morphological architecture of the CNF(x,y) webs was governed by the morphology of 
the e-PAN(x) webs (i.e. before thermal treatment), although web dimensions and median df were 
reduced during thermal treatment.  
Elemental compositions were used to ensure the reproducibility of thermal treatments, 
chemical oxidation and silanization, as well as depth profiling for CNF(x,p) webs. The tweld 
proved to have a negligible impact on the elemental composition of s-PAN(x) and CNF(x,p) 
webs. The C/N/O compositions – measured by EDX at 20 kV – of s-PAN(x) and CNF(x,p) webs 
were ~72/19/9 at-% and ~72/22/6 at-%, respectively. These results proved the stabilization and 
pyrolization procedures to be reproducible with respect to the entire fibrous web. Comparing 
EDX results from the CNF webs at 5 and 20 kV, we deduced that the composition may have 
fluctuated with respect to the thickness of the CNF webs. Furthermore, increased oxygen content 
at greater depths in the CNFs suggests that the interior fibers were over stabilized, although 
further investigations should be conducted. Chemical oxidation increased the oxygen content 
over the CNF(24,p), and crudely – as this was a bulk measurement (EDX) – confirmed the 
functionalization. Furthermore, silanization increased the silicon content proving only that the 
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Silane coupling agent was present in the CNF(24,sil) webs, although we cannot confirm that 
they were successfully grafted to the CNF webs. 
Composites were synthesized producing a void-free epoxy matrix. These composites 
possessed a smooth epoxy surface with infrequent voids which exposed the CNFs. The φSyn was 
measured to be 6.9 ± 1.7 wt-% for all 66 synthesized composites. We believe this variation was 
caused by fluctuations in the fiber density, although no measurements were taken. The voids in 
the smooth epoxy surface and variable fiber density call for refinement to the composite 
synthesis techniques used in the current study. 
The thermal stabilities of CNF webs, EP and composites were revealed new information. 
Analysis of the thermal stabilities of CNF webs proved the CNF(24,ox) and CNF(24,sil) to have 
adsorbed more moisture/solvent than CNF(x,p). The chemical oxidation procedure also 
decreased the CNF web thermal stability at temperatures greater than 200 oC, suggesting 
degradation to carbon-carbon lattice, although all CNF webs showed continuous mass loss 
through 800 oC. Additionally, composites proved to have a greater amount of moisture uptake 
than EP samples, where the extent of moisture uptake was variable. The variable moisture uptake 
of EP and composites, in combination with the continuous mass loss of CNF webs rendered φTGA 
incapable of predicting the composite weight fractions in the current study. Increased control of 
the environmental conditions of CNF webs, EP and composites, in addition to optimized thermal 
treatment of the CNF webs would allow for a more accurate φTGA and therefore a localized fiber 
content measurement. 
The electrical property characterization of CNF webs and composites proved the 
composite to be electroactive. The C(0,p), C(0,ox) and C(0,sil) possessed c near RT of 254, 80 
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and 102 S/m, respectively, therein demonstrating their capacity to respond to an electrical 
stimulus. Chemical oxidation was parasitic to the CNF web and composite c, where silanization 
did not further impede c. The CNF webs and composites were semiconductive, where CNF 
webs obeyed two distinct activation energies. These results call for further investigation into the 
mechanism berthing the temperature dependent activation energies, and the influence of tweld on 
the c. 
4.1.2. Thermal, Mechanical and SM Performances of Composites 
In Chapter 2, a great deal of effort was invested in analyzing the synthesis and 
fabrication of the electroactive composites used in the current study. The CNF interface – used 
in the current study – was developed in anticipation of its amenable effects on composites 
mechanical and SM performance. In Chapter 3, research was directed towards defining these 
properties in order to establish proof of the composites’ superiority to neat SMPs. 
DSC results proved all EP and composites to have a highly reproducible Tg – where Tg = 
50.7 ± 0.4 oC – while composites reduced the Cp below that of EP. DSC further assured complete 
cure of the EP and all composites, further uncovering the presence physical aging. Moisture 
removal from EP and composites presented difficulty in obtaining localized fiber content – 
measured by DSC. The incorporation of CNF webs into the epoxy matrix reduced the height of 
the tan(δ) peak. The composites additionally reduced the sharpness of the E” peak near Tg, which 
was further reduced by C(24,ox). DMA proved the composites to have a significantly higher E’ 
over EP, where the E’ below Tg was ~25% greater and the E’ above Tg was ~80 times greater for 
composites when neglecting CNF web type. Increasing tweld slightly lowered E’ from the C(0,p) 
however the reduction was more than compensated for by chemical oxidation. These result 
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demonstrate the composites suitability for SM applications which require reproducible activation 
temperatures and/or a large recovery stress, where the latter was improved by chemically 
oxidizing the CNF webs prior to epoxy infiltration. 
In order to model the kinetic SM response of all EP and composites – with Tr near or 
below Tg – required two time constants; this rendered the SS and SL models incapable of 
predicting material behavior and a DT model was used in their place. We speculate that the need 
for two time constants was caused by the tensile strain relief being faster than that of the 
compressive strain relief, although the true cause remains unknown. For Tr (45 
oC), nearly all 
composites recovered to 50% nearly three times faster than EP samples, with the exception being 
C(24,ox) which recovered to 50% over eight times faster. As Tr was increased these 
improvements diminished, although composites still recovered nearly twice as fast as EP 
samples. The recovery of composites to 90% proved faster than EP, while the improvement was 
not as substantial. We speculate that C(24,ox) showed increased recovery speeds due to an 
enhanced load transfer, which we attribute to interfacial bonding therein reducing any fiber 
matrix slippage. Furthermore, C(24,sil) did not show notable improvements to the recover speed 
– compared to the C(24,p) – suggesting that silanization was parasitic to the fiber-matrix 
interface of the C(24,ox). We conclude from these results that incorporating CNF webs into the 
epoxy matrix increased the recovery speed over neat epoxy samples, where C(24,ox) samples 
recovered the fastest in all cases. 
Dynamic SM cycling under torsional deformation availed evidence suggesting the 
incorporation of fibrous webs and their treatments were beneficial to the torsional recovery 
stress, while not parasitic to the fixing ratio, RF, and recovery ratio, RR. The spring-like nature of 
the CNF webs was revealed as they exerted a radial torque in a manner which relieved a greater 
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amount of strain in the composites than was observed in EP. Incorporating CNF(0,p), 
CNF(24,p) and CNF(24,ox) an epoxy matrix caused G to increase by ~280, 590 and 730%, 
respectively, over EP. All composites initiated recovery faster than EP, indicating that the CNF 
webs increased the recovery stress, regardless of CNF type. We deduce from these results that 
the incorporation, solvent welding, and chemical oxidation of CNF webs were each 
independently beneficial to the torsional recovery stress of the composites, while RF and RR 
remained unimpeded – contrasted with EP. Furthermore, C(24,ox) was the only material to 
mimic the terminal behavior of EP. This proved the C(24,ox) to be more suitable than EP, C(0,p) 
and C(24,p) for high torsional stress SM recovery applications including torsional actuators 
and/or deployable devices. 
4.2. Future Work 
While the current methods of fiber and composite synthesis, along with electrical, 
thermal, mechanical and SM analysis were revealing, alternative methods should be used in 
future studies. In an effort to guide these investigations, this section highlights shortcomings of 
the current approaches and provides recommendations which should be considered as an avenue 
for addressing them. 
4.2.1. Fibrous Web Synthesis 
Composite performance relies heavily on the properties of CNF webs. The synthesis of 
these CNF webs has been found to be paramount to their resultant properties. In the current 
study, the morphology of the e-PAN webs was tailored in a manner that interconnected the 
constituent fibers in hopes to increase the thermal and electrical conductivities, while further 
increasing the mechanical properties of the composites. By using heated DMF solvent vapors the 
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fibers nearest the CNF web surface appear to have been welded to a greater extent than interior 
fibers. Although these results remain ambiguous, subjecting the e-PAN webs to a dilute aqueous 
DMF may serve to increase the homogeneity of the fiber welding and reduce production time. 
Compositional fluctuations with respect to web thickness were observed and likely arise 
during the stabilization procedure. During the thermo-oxidative stabilization, PAN must be 
heated in order to undergo cyclization. This reaction is exothermic and can cause an adverse 
runaway reaction which impedes the desired reaction. The current stabilization method relies on 
convective air to heat the fibrous webs to the appropriate temperature. This heated air 
additionally serves to remove the excess heat from the fibrous webs. In an effort to better control 
this reaction, stringent procedures should be implemented to monitor the fibrous web 
temperature, such as a thermographic camera. Increasing the convective heat transfer coefficient, 
by increasing the flow rate of air through the fibrous web, would achieve this result.  
Further improvements to the thermal treatment of the CNF webs properties would result 
from increasing the pyrolization temperature. This would reduce the fiber diameter and increase 
the thickness/refine the order of the carbon basal plane, resulting in increased tensile strength, 
modulus, electrical conductivity and fiber integrity. Increasing the thickness of the basal plane 
would be particularly useful, since chemical oxidation is destructive to the outer most basal 
planes – yet proved to be amenable to the composites’ E’, G and SM performance. Analysis of 
non-treated, chemically oxidized and silanized CNF webs should be studied with XPS and TEM 
as a function of the pyrolization temperature. Despite previous attempts to refine these thermal 
treatments, optimization and performance of these neat CNF webs has yet to be discovered. 
4.2.2. Composite Synthesis 
 
127 
 
The fiber content fluctuated during composite synthesis, while the composite thickness 
was set with a spacer. In an effort to minimize the error in the composite fiber content, the spacer 
thickness should be adjusted in order to allow for appropriate mass of epoxy to infiltrate the 
CNF web. The required spacer thickness can be determined from the desired fiber wt-%, the 
CNF web’s cross sectional area, weight and fiber density and the neat epoxy density. 
Polymeric materials used in automotive applications are often sought out for their light-
weight nature. With foresight toward these potential applications, reducing the composite weight 
while still maintaining the electroactive SM nature of the composites is desirable and plausible; 
recalling the excellent fixing ratios observed for the composites (Chapter 3; Table 3.6). The SM 
properties of the composites -synthesized in the current study- could be slightly sacrificed in 
order to conform to such requirements by introducing air pockets into the SM epoxy – therefore 
creating a foam – prior to infiltrating the CNF webs. In doing so, this would increase the fiber 
content of the composites, say to 40 wt-% fiber, allowing for the enhanced thermal, mechanical 
and electrical properties of the CNFs to be more pronounced, while slightly reducing the fixing 
ratio of the composite. The strength to weight, recovery speed, and recovery force per mass 
would likely be increased with this approach as the CNFs are greater in strength therefore the 
spring like nature of the webs would further drive the recovery. A composite synthesized in this 
fashion would see a reduced fixing ratio due to the decreased epoxy content, as epoxy provides 
the SM properties to these composites. Additionally, the reduction in epoxy content (and 
therefore volume fraction) would increase the interphase volume fraction, potentially allowing 
for the measurement of interphase properties.  
4.2.3. Composite Interphase Testing 
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Without a complete understanding of the interphase, the tuneability of composites is 
limited and the potential influence of interphase enhancment appears unbound. In the current 
study, the interphase properties could not be acertained. The composite provides difficulty in 
extracting these parameters – due to random fiber dispersion and low volme fraction of the 
interphase – however measurements on a single fiber in an epoxy matrix would alleviate these 
difficulties. While this mothod could aid in characterizing the interface, these small scale 
measurements may be altered once in the final composite state. Alternatives to the single fiber 
approach include the use of aligned fibers and increasing the interphase volume. While the 
former is achievable by merely electrospinning aligned fibers, the latter can be approached using 
a combination of methods. The interphase volume can be increased by one or many of the 
following options: the surface area of the fibers could be increased (reducing fiber diameter or 
increasing chemical oxidation to cause pitting), the interface could be extended (using a longer 
coupling agent), or the epoxy content could be reduced (using foamed epoxy, or increasing the 
fiber content by increasing the compression of the CNF webs during infiltration). While any of 
the aforementioned approaches can be utilized, the end goal to acertain the interphase properties 
and its role in composites and SM behavior remain uncharacterized. 
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Appendix 1. Material Fabrication: Procedural Outline 
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Step 1: Create homogeneous solution for electrospinning
Weigh 0.70 g of polyacrylonitrile, pour in glass vial.
Pipette 7.00 mL DMF into glass vial.
Add stir bar. 
Cap glass vial and seal with parafilm.
Clamp glass vial on stir plate heated to 70 
o
C.
Stir overnight. Solution should be viscous and homogeneous.
Step 2: Electrospin solution
Cut aluminum foil and clean with acetone.
Attach foil to drum with double sided tape.
Place 20 gauge square stainless steel syringe tip on a 10 mL syringe.
Pour solution into back of syringe.
Replace syringe plunger.
Invert syringe so syringe tip is pointed up.
Uncap syringe tip and depress plunger to remove bubbles. Working the plunger up and 
down while inverted helps to bring bubbles to the top.
Once all bubbles are removed, depress plunger until a drop comes out. Wipe drop with 
paper towel.
Place syringe in syringe pump.
Align syringe with collection drum and set gap to 7.0 cm.
Start collection drum translation and rotation (400 RPMs).
Apply -500 V to collection drum.
Apply +13,500 V to syringe tip.
Set syringe pump to 1 mL/h and run for 6 h (therefore syringe should have more than 6.00 
mL total volume, however the syringe pump should be set to 6.00 mL). Fibers should form 
immediately.
Once complete, turn off power supplies.
Immediately remove fibrous web from aluminum foil.
Record humidity and temperature during fiber collection.
Procedure I: Fiber Fabrication
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*For non-welded fibers, proceed to Step 4, else continue with Step 1.
Step 1: Set up
Cut fibrous webs into strips of 1.00" or less.
Heat oil bath to 75 
o
C and apply maximum agitation.
Place fibers (half of fibrous webs from one electrospin session) in 50 mL beaker and 
loosely cover (this allows for DMF vapor to get in  while preventing DMF droplets from 
contacting the fibrous webs as they instantly dissolve the fibers).
Fill four 1.5 mL glass vials with 1.00 mL of DMF.
Place said 1.5mL vials at the perimeter of a 250 mL glass jar.
Using aluminum foil, make sure that vials are held up right.
Place said 50 mL beaker with fibers and lid in 250 mL glass jar.
Cap 250 mL glass jar.
Step 2: Solvent Welding
Clamp glass jar in oil bath (be sure that stir bar in the oil bath can still agitate and is not 
hindered by the glass jar).
Leave in oil bath for 24, 48 or 72 h (depending on desired degree of welding).
Step 3: Fibrous Web Removal
Care must be taken when removing fibrous webs to prevent DMF drips from hitting 
fibrous webs.
Unclamp 250 mL glass jar.
Slowly unscrew lid (remember to do this under the hood).
Use tweezers to gently remove aluminum lid on 50 mL beaker.
Remove 50 mL beaker containing fibrous webs.
Remove fibrous webs using tweezers and handle on at the corners/ perimeter of fibrous 
webs.
Step 4: Solvent Removal and Storage
Place fibrous webs (cut in strips of 1.00" or less) in vacuum oven at 70 
o
C and 30 mmHg 
for 1, 3, 6 or 7 days for samples welded for 0, 24, 48 or 72 h, respectively.
Clean 2.5" strips of aluminum foil with acetone.
Place fibrous webs in aluminum foil.
Label samples with date of electrospinning and sample name.
Place samples in desiccator at room temperature until further use.
Procedure II: Solvent Welding of Fibrous Webs
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Step 1: Stabilization
Weigh fibrous webs (be sure that all fibrous web are on scale and not overhanging). You 
may need to use a ZEROSTAT™  gun for tarring.
Place in isothermal oven on acetone cleaned aluminum foil at room temperature, RT. This 
should be an air environment.
Initiate temperature program heating to 280 
o
C at 2 
o
C/min followed by a 3 h isothermal 
hold at 280 
o
C.
Remove and weigh fibrous webs.
Place samples in desiccator at room temperature until further use.
Step 2: Pyrolization
Weigh fibrous webs.
Using tweezers, place fibrous webs in quartz tube furnace. Due to the size of tube furnace, 
all fibrous webs must be less than 1.00" to fit in the quartz tube. Do not attempt to pyrolize 
more than half of a fibrous web from one electrospinning session.
Place the quartz tube in the tube furnace (fibrous webs should be centered in the quartz 
tube and the quartz tube should be centered in the furnace).
Attach couplings for nitrogen gas to quartz tube.
Turn on nitrogen gas supply. Be sure that nitrogen flows at ~50 mL/min.
Start temperature ramp at 2 
o
C/min from RT to 1000 
o
C  followed by a 1 h isothermal 
hold.
Turn off nitrogen gas supply
Remove and weigh fibrous webs.
Place samples in desiccator at room temperature until further use.
Procedure III: Thermal Evolution
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Step 1: Chemical Oxidation
Weigh fibrous webs.
Preheat oil bath a continuously stirred oil bath to 80 
o
C
Pour 5 mL of 70% nitric acid / 12 mg of CNFs in 250 mL glass jar.
Using tweezers, carefully place fibrous webs in said glass jar. Be sure that all fibrous webs 
are completely submersed.
Cap glass jar and seal with electrical tape.
Submerse sealed glass jar in preheated oil bath and clamp.
After 1 h of heating, remove glass jar.
Place fibers on glass slides and allow to cool.
Rinse in excess with 95% EtOH.
Place fibrous webs in vacuum oven at 40 
o
C and 30 mmHg overnight.
Remove and weigh fibrous webs.
Place samples in desiccator at room temperature until further use.
Step 2: Silanization
Create 95:5 vol-% EtOH:H2O.
Weigh fibrous webs.
Calculate the appropriate volume of Silane by multiplying the oxidized fibrous web mass by 
1.079×10
-3
 mL Silane / mg oxidized CNF.
Calculate the volume of 95:5 vol-% EtOH:H2O required to make a 0.25 vol-% Silane 
solution.
Add the appropriate volume of 95:5 vol-% EtOH:H2O.
Add the appropriate volume of Silane to the 250 mL glass jar drop wise with constant 
gentle agitation.
Continue gentle agitation for five minutes to allow for Silane hydrolysis.
Preheat isothermal oven to 110 
o
C.
Add the oxidized CNFs to the glass jar and continuously agitate for another five minutes.
Using tweezers, carefully place fibrous webs on clean glass slides.
Allow three to five minutes for silane to condense on surface.
Rinse in excess with EtOH (via submersing in a fresh beaker of EtOH and gently agitating).
Using tweezers, carefully place fibrous webs on clean glass slides.
Again, rinse in excess with EtOH (via submersing in a fresh beaker of EtOH and gently 
agitating).
Using tweezers, carefully place fibrous webs on clean glass slides.
Place fibrous webs on aluminum foil and initiate curing in preheated oven for 15 minutes.
Place fibrous webs in vacuum oven at 40 
o
C and 30 mmHg overnight.
Remove and weigh fibrous webs.
Place samples in desiccator at room temperature until further use.
Procedure IV: Surface Modifications
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Step 1: Pretreating Glass Slides
Clean 1/4" glass plates with acetone.
Put glass plates in isothermal oven and heat to 150 
o
C.
Remove after 30 minutes.
Spray hot glass plates with Pol-Ease 2300 mold release.
Allow glass plates cool to RT and gently wipe excess mold release with cheese cloth.
Put glass plates in isothermal oven and heat to 150 
o
C.
Remove after 30 minutes.
Spray hot glass plates with Pol-Ease 2300 mold release.
Allow glass plates cool to RT and gently wipe excess mold release with cheese cloth.
Step 2: Prepare Epoxy
Measure stoichiometric ratio of 1:1:1 DGEBA:NGDE:Jeffamine D230 in a glass vial using 
mass balance (ensure that there will be excess epoxy or risk losing samples; using a total 
mass of 10.00 g ensures excess epoxy for 3-4x4" films of 0.259" thickness).
Add stir bar to glass vial and cap.
Clamp to stir plate and agitate at RT for ~20-30 minutes applying vigorous agitation at five 
minute intervals (solution must be completely homogeneous with respect to viscosity and 
transparency; continue this process until this requirements are met).
Pour vial of epoxy into weigh tray.
Degas at RT (this was achieved in a 30 mmHg vacuum oven for ~five minutes; mixture 
should be completely void free).
Step 3: Imbibe and Cure
Weigh fibrous webs individually.
Place fibrous webs in weigh tray atop degassed epoxy.
Again, degas at RT (this was achieved in a 30 mmHg vacuum oven for ~five minutes).
Using tweezers, place imbibed fibrous webs on glass plates.
Place 259 μm Teflon spacer at perimeter of glass plates.
Pour excess epoxy on fibrous webs.
Gently apply top glass slide.
Clamp plates together using four large binder clips of the like.
Place these apparatuses on foil, with edges folded up, in isothermal oven at 100 
o
C for 1h.
Remove binder clips and heat to 130 
o
C for an additional 1.5 h.
Remove apparatus and, while still hot gently separate glass plates.
Delaminate composite or neat epoxy from other glass plate.
Allow to cool to RT.
Trim excess epoxy for the edges of composite.
Weigh composites for synthesis fibrous web content.
Place on hot plate at 100 
o
C for stress removal before sample testing.
Allow to cool and store in desiccator.
Procedure V: Imbibing Fibrous Webs with Epoxy
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Appendix 2. Differential Scanning Calorimetry (DSC): Physical Aging 
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Figure A2-1. DSC curves of the 1st, solid, and 2nd, dashed, heating for: (i), EP(S2), (ii), C(0,p-
S2), (iii), C(24,p-S2), (iv), C(48,p-S2), (v), C(72,p-S2), (vi), C(24,ox-S2), and (vii), C(24,sil-
S2). 
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Figure A2-2. DSC curves of the 1st, solid, and 2nd, dashed, heating for: (i), EP(S3), (ii), C(0,p-
S3), (iii), C(24,p-S3), (iv), C(48,p-S3), (v), C(72,p-S3), (vi), C(24,ox-S3), and (vii), C(24,sil-
S3). 
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Figure A2-3. DSC physical aging curves. Plotting the difference in the 1st and 2nd heating of S1, 
red, S2, blue, and S3, green for: (i), EP, (ii), C(0,p), (iii), C(24,p), (iv), C(48,p), (v), C(72,p), 
(vi), C(24,ox), and (vii), C(24,sil). EP(S1) was plotted, (black), as a reference for all composites. 
The horizontal black line represents ΔH(20oC). 
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Table A2-1. DSC physical aging peak characteristics. The temperature at the peak, TP, full width 
half max, TFW,P, height, ΔHP, and area under the curve from 20 to 85
oC, AP, were reported from 
curves in Figure A2-3. Values for the low and high temperature peaks were denoted in the 
subscript by “P1” and “P2”, respectively. Note: the % difference, “% Diff.”, from the EP(Mean) 
were reported for values of ΔHP1 and AP1.
a 
 
Table A2-1 Continued… 
 
 
 
Material Tg TP1 TFW,P1 ΔHP1 (W/g) AP1 (W-
o
C/g) ΔHP1 AP1 TP2 ΔHP2
C(0,p-S1) 49.8 45.0 4.2 0.25 1.46 85.2 13.5 123 0.09
C(0,p-S2) 50.9 45.6 4.4 0.25 1.48 85.0 12.5 109 0.11
C(0,p-S3) 51.0 45.6 4.6 0.25 1.51 85.4 11.0 110 0.13
Mean 50.6 45.4 45.4 0.3 1.48 85.2 12.3 114 0.11
σ 0.6 0.3 0.3 0.0 0.02 0.2 1.3 8 0.02
C(24,p-S1) 50.1 45.9 4.4 0.23 1.48 86.1 12.3 114 0.12
C(24,p-S2) 50.3 46.0 4.2 0.26 1.52 84.7 10.4 113 0.12
C(24,p-S3) 50.5 46.1 4.1 0.26 1.48 84.4 12.3 116 0.13
Mean 50.3 46.0 46.0 0.3 1.49 85.1 11.7 114 0.12
σ 0.2 0.1 0.1 0.0 0.02 0.9 1.1 1 0.01
C(48,p-S1) 50.7 48.5 3.0 0.32 1.36 81.3 19.7 117 0.12
C(48,p-S2) 51.6 43.0 8.5 0.21 1.78 87.7 -5.4 113 0.15
C(48,p-S3) 50.3 44.3 7.6 0.19 1.64 88.6 3.1 113 0.13
Mean 50.9 45.3 45.4 0.2 1.59 85.8 5.8 114 0.13
σ 0.7 2.9 0.3 0.1 0.22 4.0 12.8 2 0.02
C(72,p-S1) 50.9 47.5 3.7 0.27 1.29 84.0 23.7 118 0.09
C(72,p,S2) 50.6 47.3 3.5 0.28 1.36 83.4 19.4 114 0.12
C(72,p,S3) 50.8 47.5 3.3 0.28 1.37 83.2 19.2 115 0.11
Mean 50.8 47.4 45.4 0.3 1.34 83.5 20.8 116 0.11
σ 0.2 0.1 0.3 0.0 0.04 0.4 2.6 2 0.01
C(24,ox-S1) 50.8 46.5 5.6 0.26 1.77 84.9 -4.5 101 0.12
C(24,ox-S2) 50.9 46.5 4.9 0.27 1.79 84.2 -6.0 105 0.13
C(24,ox-S3) 50.9 46.8 4.3 0.26 1.58 84.6 6.3 112 0.13
Mean 50.9 46.6 45.4 0.3 1.72 84.6 -1.4 106 0.13
σ 0.0 0.2 0.3 0.0 0.11 0.4 6.7 5 0.00
1
st
 Peak
% Diff.
a
2
nd
 Peak
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Table A2-1 Continued… 
 
   
Material Tg TP1 TFW,P1 ΔHP1 (W/g) AP1 (W-
o
C/g) ΔHP1 AP1 TP2 ΔHP2
C(24,sil-S1) 50.8 46.9 3.9 0.29 1.43 83.0 15.7 115 0.15
C(24,sil-S2) 50.3 46.8 4.4 0.25 1.40 85.3 17.5 111 0.10
C(24,sil-S3) 50.4 47.1 3.6 0.27 1.40 83.9 17.3 112 0.10
Mean 50.5 46.9 45.4 0.3 1.41 84.0 16.8 113 0.12
σ 0.3 0.1 0.3 0.0 0.02 1.1 1.0 2 0.03
EP(S1) 50.6 47.7 4.2 0.31 1.69 - - 110 0.07
EP(S2) 51.4 46.2 3.2 0.34 1.58 - - 164 0.04
EP(S3) 50.5 46.9 3.6 0.32 1.81 - - 101 0.08
Mean 50.8 46.9 45.4 0.32 1.69 - - 125 0.06
σ 0.5 0.8 0.3 0.02 0.12 - - 34 0.02
1
st
 Peak 2
nd
 Peak
% Diff.
a
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Appendix 3. Dynamic Mechanical Analysis (DMA) 
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Figure A3-1. DMA data curves for EP. Plotting the storage modulus, E’ (solid), loss modulus, 
E” (dash), and loss tangent, tan(δ), for: EP(S1)-red, EP(S2)-blue and EP(S3)-green. 
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Figure A3-2. DMA data curves for C(0,p). Plotting the E’, E” and tan(δ) for: C(0,p-S1)-red, 
C(0,p-S2)-blue, and C(0,p-S3)-green. Note the difference in scaling of tan(δ), compared to EP 
samples in Figure A3-1, which henceforth remains consistent (Figures A3-2 & A3-7). 
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Figure A3-3. DMA data curves for C(24,p). Plotting the E’, E” and tan(δ) for: C(24,p-S1)-red, 
C(24,p-S2)-blue and C(24,p-S3)-green. 
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Figure A3-4. DMA data curves for C(48,p). Plotting the E’, E” and tan(δ) for: C(48,p-S1)-red, 
C(48,p-S2)-blue, and C(48,p-S3)-green. 
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Figure A3-5. DMA data curves for C(72,p). Plotting the E’, E” and tan(δ) for: C(72,p-S1)-red, 
C(72,p-S2)-blue, and C(72,p-S3)-green. 
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Figure A3-6. DMA data curves for C(24,ox). Plotting the E’, E” and tan(δ) for: C(24,ox-S1)-
red, C(24,ox-S2)-blue, and C(24,ox-S3)-green. 
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Figure A3-7. DMA data curves for C(24,sil). Plotting the E’, E” and tan(δ) for: C(24,sil-S1)-red, 
C(24,sil-S2)-blue, and C(24,sil-S3)-green. 
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Table A3-1. Glass transition temperatures, Tg, from DSC and DMA. The DMA Tg values were 
reported for the onset of E’ drop, Tg
E’, the peak of E”, Tg
E”, the peak at tan(δ), Tg
δ. 
  
From DSC
Material Tg (
o
C) Tg
E'
 (
o
C) Tg
E"
 (
o
C) Tg
δ
 (
o
C)
C(0,p-S1) 49.8 53.8 58.0 61.6
C(0,p-S2) 50.9 51.3 56.7 59.8
C(0,p-S3) 51.0 45.2 51.1 56.3
Mean 50.6 50.1 55.3 59.2
σ 0.6 4.4 3.6 2.7
C(24,p-S1) 50.1 52.5 57.0 63.4
C(24,p-S2) 50.3 49.9 55.0 62.5
C(24,p-S3) 50.5 47.9 53.2 59.4
Mean 50.3 50.1 55.1 61.8
σ 0.2 2.3 1.9 2.1
C(48,p-S1) 50.7 42.3 48.5 55.5
C(48,p-S2) 51.6 44.0 49.9 56.2
C(48,p-S3) 50.3 47.5 51.7 56.2
Mean 50.9 44.6 50.0 56.0
σ 0.7 2.6 1.6 0.4
C(72,p-S1) 50.9 42.2 47.6 54.4
C(72,p,S2) 50.6 50.6 54.6 61.4
C(72,p,S3) 50.8 51.0 56.0 60.6
Mean 50.8 47.9 52.7 58.8
σ 0.2 4.9 4.5 3.8
C(24,ox-S1) 50.8 47.3 52.0 59.0
C(24,ox-S2) 50.9 48.8 53.6 61.4
C(24,ox-S3) 50.9 44.4 50.9 59.6
Mean 50.9 46.8 52.1 60.0
σ 0.0 2.2 1.3 1.3
C(24,sil-S1) 50.8 50.3 53.8 60.3
C(24,sil-S2) 50.3 45.8 49.8 55.9
C(24,sil-S3) 50.4 44.1 49.5 55.1
Mean 50.5 46.8 51.0 57.1
σ 0.3 3.2 2.4 2.8
Ep(S1) 50.6 53.6 56.2 64.4
Ep(S2) 51.4 48.1 48.3 58.8
Ep(S3) 50.5 51.0 52.1 60.3
Mean 50.8 50.9 52.2 61.2
σ 0.5 2.7 3.9 2.9
From DMA
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Figure A3-8. Comparison of the shape of tan(δ) from DMA of EP for: EP(S1)-red, EP(S2)-blue 
and EP(S3)-green. tan(δ) values were normalized by the maximum tan(δ) at their peak (to a 
maximum value of 1), “Norm. tan(δ)”, for easy comparison for the shape of the curves to show 
qualitative reproducibility. 
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Figure A3-9. Comparison of the shape of tan(δ) from DMA of C(0,p) for: C(0,p-S1)-red, C(0,p-
S2)-blue and C(0,p-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) values were 
plotted for easy comparison for the shape of the curves to show qualitative reproducibility. 
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Figure A3-10. Comparison of the shape of tan(δ) from DMA of C(24,p) for: C(24,p-S1)-red, 
C(24,p-S2)-blue and C(24,p-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) 
values were plotted for easy comparison for the shape of the curves to show qualitative 
reproducibility. 
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Figure A3-11. Comparison of the shape of tan(δ) from DMA of C(48,p) for: C(48,p-S1)-red, 
C(48,p-S2)-blue and C(48,p-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) 
values were plotted for easy comparison for the shape of the curves to show qualitative 
reproducibility. 
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Figure A3-12. Comparison of the shape of tan(δ) from DMA of C(72,p) for: C(72,p-S1)-red, 
C(72,p-S2)-blue and C(72,p-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) 
values were plotted for easy comparison for the shape of the curves to show qualitative 
reproducibility.  
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Figure A3-13. Comparison of the shape of tan(δ) from DMA of C(24,ox) for: C(24,ox-S1)-red, 
C(24,ox-S2)-blue and C(24,ox-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) 
values were plotted for easy comparison for the shape of the curves to show qualitative 
reproducibility. 
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Figure A3-14. Comparison of the shape of tan(δ) from DMA of C(24,sil) for: C(24,sil-S1)-red, 
C(24,sil-S2)-blue and C(24,sil-S3)-green, with reference sample EP(S1)-black. Norm. tan(δ) 
values were plotted for easy comparison for the shape of the curves to show qualitative 
reproducibility.  
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Appendix 4. Isothermal Shape Memory (SM) Recovery in Bending 
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Figure A4-1. Continued… 
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Figure A4-1. Modeling isothermal SM recovery of EP samples fixed to an annulus. The DT 
model, solid-lines, was fit to each data set, symbols, recorded during recovery for: (A), 45, (B), 
50, (C), 55, and (D), 60oC. Plotting EP(S1)-red, EP(S2)-blue and EP(S3)-green. The independent 
axis scale, time “t”, was adjusted to compensate for differing sample recovery speeds.  
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Figure A4-2. Continued… 
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Figure A4-2. Modeling isothermal SM recovery of C(0,p) samples previously fixed to an 
annulus. The DT model, solid-lines, was fit to each data set, symbols, recorded during recovery 
for: (A), 45, (B), 50, (C), 55, and (D), 60oC. Plotting C(0,p-S1)-red, C(0,p-S2)-blue and C(0,p-
S3)-green, with reference sample EP(S2)-black. The t-axis scale was adjusted to compensate for 
differing sample recovery speeds. 
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Figure A4-3. Continued… 
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Figure A4-3. Modeling isothermal SM recovery of C(24,p) samples previously fixed to an 
annulus. The DT model, solid-lines, was fit to each data set, symbols, recorded during recovery 
for: (A), 45, (B), 50, (C), 55, and (D), 60oC. Plotting C(24,p-S1)-red, C(24,p-S2)-blue and 
C(24,p-S3)-green, with reference sample EP(S2)-black. The t-axis scale was adjusted to 
compensate for differing sample recovery speeds. 
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Figure A4-4. Continued… 
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Figure A4-4. Modeling isothermal SM recovery of C(48,p) samples previously fixed to an 
annulus. The DT model, solid-lines, was fit to each data set, symbols, recorded during recovery 
for: (A), 45, (B), 50, (C), 55, and (D), 60oC. Plotting C(48,p-S1)-red, C(48,p-S2)-blue and 
C(48,p-S3)-green, with reference sample EP(S2)-black. The t-axis scale was adjusted to 
compensate for differing sample recovery speeds.  
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Figure A4-5. Continued… 
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Figure A4-5. Modeling isothermal SM recovery of C(72,p) samples fixed to an annulus. Data 
(symbols) were recorded during recovery, at 45, (A), 50, (B), 55, (C), and 60oC, (D), and the DT 
model (solid line) was fit to each data set. Plotting C(72,p-S1), (red), C(72,p-S2), (blue), and 
C(72,p-S3), (green), with reference sample EP(S2), (black). The independent axis scale, time “t”, 
was adjusted to compensate for differing sample recovery speeds.  
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Figure A4-6. Continued… 
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Figure A4-6. Modeling isothermal SM recovery of C(24,ox) samples previously fixed to an 
annulus. The DT model, solid-lines, was fit to each data set, symbols, recorded during recovery 
for: (A), 45, (B), 50, (C), 55, and (D), 60oC. Plotting C(24,ox-S1)-red, C(24,ox-S2)-blue and 
C(24,ox-S3)-green, with reference sample EP(S2)-black. The t-axis scale was adjusted to 
compensate for differing sample recovery speeds.  
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Figure A4-7. Continued… 
  
t (s)
0 50 100 150 200 250 300
R
 (
%
)
0
20
40
60
80
100
t (s)
0 10 20 30 40 50 60
R
 (
%
)
0
20
40
60
80
100
(A)
(B)
 
177 
 
 
Figure A4-7. Modeling isothermal SM recovery of C(24,sil) samples previously fixed to an 
annulus. The DT model, solid-lines, was fit to each data set, symbols, recorded during recovery 
for: (A), 45, (B), 50, (C), 55, and (D), 60oC. Plotting C(24,sil-S1)-red, C(24,sil-S2)-blue and 
C(24,sil-S3)-green, with reference sample EP(S2)-black. The t-axis scale was adjusted to 
compensate for differing sample recovery speeds.  
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